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ABSTRACT
Antibiotic production kinetics of Streptomyces strain JSl (an isolate 
selected from an industrial screen for biocontrol activity) and Streptomyces 
hygroscopicus (a culture collection strain with similar biocontrol activity 
to JSl) were examined. Growth-associated niphimycin production was 
observed in both strains during carbon-limited batch culture. Growth 
associated antibiotic production in carbon-limited medium has not been 
reported elsewhere and the antibiotic production physiology of biocontrol 
isolates has not been extensively studied in other laboratories. Increases in 
biomass and antibiotic production occurred simultaneously in JSl (24h) 
and S. hygroscopicus (40h) carbon-limited cultures. Specific growth and 
antibiotic production rates peaked simultaneously (35h in S. 
hygroscopicus, 3Oh in JSl).
Examination of the correlation between intracellular protein 
synthesis rate and niphimycin production rate was consistent with the 
relationship between these parameters proposed (in our laboratory and 
elsewhere) for the more frequently reported phenomenon of growth- 
dissociated antibiotic production.
Evidence was obtained which resulted in a hypothesis that the 
unusual antibiotic production kinetics were a result of the unusually low 
affinity of JS 1 for glucose. A novel approach (multi-compartment non­
linear modelling) to the determination of substrate affinity constants 
yielded a Kg value of 2.9mM which compares to 7.55juM (i.e. significantly 
higher affinity) value for Saccharopolyspora erythraea, a species which 
demonstrates the more common, growth dissociated form of production.
Antibiotic production in nitrogen-limited culture was also growth- 
associated, but this has been reported elsewhere. Work reported here
suggests that affinity for nitrogen substrate is significantly lower than that 
for glucose in S. erythraea (4.45mM compared to 7.55pM) a strain that 
also exhibits growth-associated antibiotic production under nitrogen 
limitation. This presumably explains the more growth-associated 
production kinetics observed in nitrogen-limited cultures.
It is tempting to speculate a link between antibiotic production 
kinetics and biocontrol potential. A micro-organism capable of releasing 
anti-microbial product in synchrony with cell growth would presumably 
have more effect in reducing the rhizosphere microflora, prior to colonising 
the habitat, than a species producing the antibiotic as a secondary 
metabolite. If this hypothesis is justified, then it may explain the success 
of JSl and S. hygroscopicus in the industrial screen. A mutant of JSl, 
unable to produce niphimycin, displayed diminished biocontrol capability, 
indicating that niphimycin has a role in the observed biological control 
effect, in this instance.
An attempt to increase the biocontrol effectiveness of JSl by 
enhancing niphimycin production in hydroponic and agar tomato culture 
systems was unsuccessful due to the production kinetics displayed by JSl. 
Manipulating culture conditions for increased niphimycin production 
inevitably resulted in increased JSl growth which was associated with 
plant death. Electron microscopy suggested that this enhanced growth 
resulted in excessive colonisation of the root system, possibly resulting in 
plant death due to root oxygen starvation.
The fungal pathogens Phytophthora capsici and Fusarium 
oxysporum, used as challenge organisms in the industrial screen, had 
significantly higher affinities for the substrates examined (15pM and 
<10jnM, respectively for glucose and 22pM and <38pM, respectively, for
nitrate) compared to the affinities of JSl (2.9mM and 2.4mM, 
respectively, for glucose and nitrate) indicating that competition for 
nutrients was unlikely to account for the success of JSl in the screen.
An additional novel concept explored in this work was the use of a 
fractional factorial medium design procedure (the Plackett-Burman 
technique) for the attempted identification of nutrients that could be used 
to simultaneously enhance growth of biocontrol agents whilst inhibiting the 
growth of target pathogens. Nutritional requirements thus elucidated were 
compared to those of variant strains of S. hygroscopicus and other 
Streptomyces species.
1.INTRODUCTION
1.1.Secondary metabolism
The metabolic activities of a cell have been classified into two 
distinct categories, primary and secondary metabolism. The products of 
these two metabolic pathways have differing fimctions within the cell. The 
primary metaboHtes have been termed general metabolites and secondary 
metabolites have been termed as special metabolites (Martin, 1978). 
Primary metabolism involves enzyme mediated pathways that provide 
biosynthetic precursors and the energy required to convert them into the 
macromolecules that the cell requires to sustain growth and viability. 
Primary metabohsm occurs in all living cells and is essential. Secondary 
metabolites are produced by limited taxonomic groups of microbes (Martin 
and Demain, 1980) and are not required for the exponential growth phase 
of the culture, though it is thought that they may confer a survival 
advantage to the producing organism in their natural habitat. The role of 
secondary metabolites in the life cycle of the producing organisms is still 
poorly understood though there are several hypotheses for their role and 
function.
1.1.1.Role of secondary metabolites
The proposed functions of secondary metabolites can be, broadly, 
spHt into two distinct groups of hypotheses, product and process.
1.1.1.1.Product
In this hypothesis it is the products of secondary metabolism that are 
the important factors. The production of antibiotics as secondary 
metabolites has lead to the 'Biowars' hypothesis (Bushell, 1989, Katz and 
Demain, 1977). The producing organism reacts to the presence of a
competitor organism, probably by the changing rate of substrate 
assimilation, by releasing a secondary metabolite that inhibits the 
competitor. The inhibitory molecule may be an antibiotic or sporulating 
factor.
Secondary metabolites have also been considered to have a role in 
the differentiation processes in several organisms. The antibiotic 
methylenomycin has been implicated in the formation of aerial mycehum 
in Streptomyces coelicolor (Wright and Hopwood, 1976). Other 
secondary metabolites have been implicated in the sporulation processes of 
the producing organisms (Sarker and Paulus, 1972., Demain and Piret, 
1979, Katz and Demain, 1977). Secondaiy metabolites are also produced 
to enable the producing organism to adapt to unfavourable growth 
conditions. An example is the production of siderophores by several 
bacteria, when grown in environments with low iron concentrations 
(Buyers, 1974, Rosenberg and Young, 1974). It has also been 
demonstrated that some secondary metabolites act as reserve storage 
compounds. The secondary metabolite citrinin, produced by Pénicillium 
citrinum has been shown to be broken down and incorporated into cellular 
material (Barber et al., 1988)
1.1.1.2.Process
In these hypotheses it is not the product which is important, but the 
pathway by which it was produced. Zahner (1979) suggested that the 
process of secondary metabolism was a ‘cellular playground’, where the 
cell could ‘experiment’ with non lethal mutations during evolution. In this 
hypothesis metabolic intermediates are acted upon by low specificity 
enzymes to produce novel compounds. These compounds may be
beneficial to the cell either internally or externally. However the majority 
of the secondary metabolites would have no function and some would have 
more than one function. The hypothesis represents, therefore, a non- 
Darwinian subset of the evolution process, presumably peculiar to 
microorganisms. Examples of multi-functional secondary metabolites are 
the peptide antibiotics that are produced by bacilli. Not only do they have 
antimicrobial properties they are also involved in the sporulation process 
of the producing organism (Katz and Demain, 1977).
Dhar and Khan (1971) proposed the detoxification hypothesis. As 
the growth of the cell begins to slow due to nutrient exhaustion there is an 
accumulation of primary metabolic intermediates. These intermediates 
may build up to toxic levels within the cell. In the detoxification model the 
secondary metabolic pathways are geared towards reducing the levels of 
these intermediates and excreting them from the cell. Woodruff (1966) 
proposed that secondary metabolism is initiated when the regulation of the 
flow of intermediates, through a primary metabolic pathway, fails. He 
suggested that the intermediates, instead of being excreted, are acted upon 
by nonspecific enzymes to form 'abnormal' compounds. A succession of 
these non-specific enzyme mediated reactions would lead to a complex 
shunt product in which any useful biological property would be entirely 
accidental.
Bu'Lock (1961) postulated that secondary metabolism was, in 
essence, 'the maintenance system for the cell'. In this hypothesis, the end 
product of secondary metabolism is not important, it is the maintenance of 
the primary metabolic pathways in working order that is important. He 
suggested that secondary metabolism caused the primary metabolic 
pathways to continually turn over to supply the secondary metabolic
pathways with precursors and energy. By ensuring that there is no 
deterioration of the primary metabolic pathways an organism would be 
capable of resuming growth quickly if the opportunity arose. It has been 
pointed out (Woodruff, 1980) that in the environment, many organisms are 
continually alternating between the extremes of feast and famine and that 
the maintenance of the primary pathways in the time of famine may be 
advantageous to the survival of an organism.
I.l.l.Kinetics of antibiotic production
Antibiotic production was thought to be a function which only takes 
place after the growth phase of the organism. Bu'Lock et a l,  (1965) 
labelled the growth phase of the organism the trophophase and the 
production phase the idiophase, where secondary metabolites or idiolites 
are produced. These kinetics can be observed in the production of 
antibiotics by unicellular bacteria (Martin and Demain, 1980). However, 
the distinction between the trophophase and idiophase starts to become 
less defined in the case of filamentous organisms. In these cases, the 
biomass concentration of the culture may increase after the active growth 
phase. This increased biomass concentration is attributed to the 
accumulation of storage compounds (Martin and Demain, 1980). 
Therefore it has been suggested that, in the case of filamentous organisms, 
a better measure of the growth of an organism may be the rate of DNA 
synthesis (Martin and McDaniel, 1975). They demonstrated that using the 
rate of DNA synthesis as the true measure of growth, the distinction 
between trophophase and idiophase was re-established for the production 
of candicidin by Streptomyces gris eus. Other parameters that have been 
suggested as indicators for the end of the true growth phase are a decrease
in the organisms respiration rate (Martin and McDaniel, 1975) and the 
decrease in the RNA synthesis rate (Liras et a l, 1977). Work performed 
by Wilson and Bushell (1995) in the Microbial Physiology Group 
(University of Surrey) has shown that the protein synthesis rate is better 
correlated with the initiation of antibiotic synthesis than the DNA or RNA 
synthesis rates.
The production kinetics displayed by an organism can be affected 
by the medium in which the organism is cultivated. The overlapping of the 
trophophase and idiophase can be achieved by culturing an organism in a 
defined rather than a complex medium. The production of bacitracin by 
Bacillus lichenformis (Haavik et a i, 1974a and 1974b), penicillin by 
Pénicillium chrysogenum (Pirt and Righelato, 1967) and chloramphenicol 
by Streptomyces venezuelae (Malik and Vining, 1970) have all been used 
to demonstrate that the distinction between trophophase and idiophase 
becomes indistinct in defined rather than complex media. It has been 
suggested by Martin and Demain (1980) that this effect is due to the lower 
growth rates that are supported in defined media compared to complex 
media.
The production kinetics of antibiotic synthesis can also be 
dependent upon the nutrient limitation that the organism is cultured under. 
It has been demonstrated that the production kinetics displayed by 
Streptomyces erythraeus vary according to the nutrient limitation that the 
organism experiences. McDermott et a l, (1993) demonstrated that 
erythromycin was produced with growth associated kinetics under nitrogen 
limitation but non-growth associated kinetics under carbon limitation. It 
has also been shown that erythromycin production, under phosphate.
limitation displays growth associated production kinetics (Trilli et a i, 
1987).
1.1.3.Coiitrol of secondary metabolism
There is no universally accepted theory for the control of antibiotic 
biosynthesis. It has been suggested by Chater and Bibb (1995) that there 
is a global regulatory influence on antibiotic synthesis due to growth rate, 
with pathway specific regulation influencing the production of individual 
antibiotics. These pathway specific regulators may be influenced by the 
nature of the growth rate limiting substrate.
I.1.3.1,Carbon catabolite repression
In many antibiotic-producing cultures the presence of an easily 
utilisable carbon source represses the production of the antibiotic. This 
phenomenon is known as carbon catabolite repression. The synthesis of 
actinomycin (Gallo and Katz, 1972), candidin and candihexin (Martin and 
McDaniel, 1974) and streptomycin (Inamine et a i, 1969) are all repressed 
by the presence of glucose. This phenomenon is not only restricted to 
glucose. The production of novobiocin by Streptomyces niveus is 
suppressed in the presence of citrate (Kominek, 1972). If Streptomyces 
niveus is cultured on media containing both citrate and glucose, then the 
citrate is utilised first and supports rapid growth, but no production. 
However, when the citrate becomes exhausted the glucose supports lower 
rates of growth and the production of novobiocin.
It has been suggested that carbon catabolite repression is related to 
the growth rate of the organism, with high glucose concentrations leading 
to high growth rates at which the production of secondary metabolites is
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inhibited. It has been demonstrated that, using a slow glucose feed, to 
reduce the observed growth rate, has overcome the effects of carbon 
catabolite repression due to high growth rates. The production of 
penicillin (Soltero and Johnson, 1954), candidin and candihexin (Martin 
and McDaniel, 1974) and the production of streptomycin (Inamine, 1969) 
which are suppressed when grown in media which support high growth 
rates, produce when the glucose is added slowly to the growth media, 
reducing the growth rate of the organism. Glucose has also been shown to 
inhibit the activity of antibiotic biosynthetic enzymes. The titre of 
actinomycin, produced in the presence of glucose, is depressed due to the 
repression of phenoxainone synthase by glucose (Gallo and Katz, 1972).
The energy charge of cells has been suggested as a regulator for 
many cellular processes, including secondary metabolism (Bushell, 1989). 
As the energy charge of the cell falls, the cyclic-AMP (cAMP) 
concentration within the cell rises. cAMP, in a cAMP/protein complex, 
acts as a positive inducer on the transcription of some genes and it is 
thought that this regulatory system controls the synthesis of many 
microbial products (Bushell, 1989). If the energy charge of the cell is 
high, for example if the cell is growing in a medium containing high 
glucose concentrations, then the concentration of cAMP m the cell is 
reduced and there is insufficient cAMP in the cell to bind to the inducible 
genes. Thus the genes are not expressed, until the energy charge of the 
cell falls. It has been reported that the addition of cAMP relieved glucose 
repression of kanamycin production (Satoh et al., 1976) and that a high 
titre tylosin producing mutant of Streptomyces fradiae contained higher 
cAMP levels than the wild-type strain (Colombo et ai, 1982).
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1.1.3.2.Nitrogen metabolite repression
The presence of excess ammonium ions represses the formation of 
several antibiotics. These include tylosin (Tanaka et al, 1986), 
cephamycin (Castro et a i, 1985) and erythromycin (Flores and Sanchez, 
1985). The mode of repression in the above cases is not clear, however it 
has been reported that in the production of tylosin ammonium ions inhibit 
the synthesis of precursors. The synthesis of precursors is inhibited by the 
repression of two enzymes, valine dehydrogenase and threonine deaminase 
(Omura and Tanaka, 1985).
It is unclear how ammonium ions repress the synthesis of 
antibiotics. In actinomycetes, the enzymes glutamine sythetase and 
alanine dehydrogenase are central to the nitrogen metabolism within the 
cell. The biosynthesis of cephalosporin is subject to nitrogen regulation 
(Aharanovitz and Demain, 1979) and it is thought that the control 
mechanism may involve glutamine synthetase and alanine dehydrogenase 
(Aharanovitz, 1979). Regulation of glutamine synthetase and alanine 
dehydrogenase is also thought to be involved in the production of 
nourseothricin by Streptomyces noursei (Grafe et a l, 1977). However, 
glutamine synthetase and alanine dehydrogenase deficient auxotrophs of 
Streptomyces clavuligerus isolated by Bascaran et al (1989) were still 
subject to nitrogen regulation of cephalosporin production. S. erythraea 
mutants that were not ammonium repressed, still had glutamine synthetase 
and alanine dehydrogenase concentrations that were similar to those seen 
in the wild type strain (Flores, 1991). This suggests that the repression of 
antibiotic synthesis by ammonium ions is controlled by a complex 
regulatory system that has yet to be elucidate.
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Nitrogen regulation of antibiotic synthesis also occurs when the 
same metabolic pathway is used for the both primary and secondary 
metabolism. The products of the primary pathway tend to be amino acids 
and these exert feedback inhibition on the enzymes that are involved in the 
common part of the pathways. The production of candicidin is suppressed 
by the presence of aromatic amino acids (Martin, 1983) and the production 
of macebin, an antitumor agent, is suppressed by tryptophan, 
aminobenzoic acid and anthranilic acid (Tanida et al., 1980).
1.1.3.3.Phosphate regulation
The production of antibiotics can be repressed by the presence of 
high phosphate concentrations. Examples include vancomycin (Mertz and 
Doolin, 1973) and neomycin (Majunder and Majunder, 1972). Two 
general mechanisms for phosphate repression have been proposed. The 
first of these methods is the direct inhibition or repression, by phosphate, 
of phosphotases involved in the antibiotic biosynthetic pathway. An 
example of this is the biosynthesis of streptomycin in which high 
phosphate concentrations are thought to repress the phosphotase that 
converts streptomycin phosphate to streptomycin (Walker and Miller, 
1970).
The second mechanism is the indirect regulation of the biosypthetic 
pathway via intracellular effectors, such as the adenosine phosphates. 
Adenosine phosphates have been suggested as effectors as the 
concentrations of ATP and ADP have been shown to fall sharply just 
before the onset of antibiotic production in candicidin production by 
Streptomyces griseus (Liras et al, 1977), tylosin production by 
Streptomyces fradiae (Vu-Trong et al., 1980) and Tetracycline production
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by Streptomyces aureofaciens (Janglova et al., 1969). The effect of 
phosphate on the production of candicidin production by Streptomyces 
griseus was demonstrated by Martin and Demain (1976). They increased 
the phosphate concentration of resting cell cultures of Streptomyces 
griseus, which lead to a 2-3 fold increase in the intracellular ATP 
concentration after 5 minutes, followed 10 minutes later by a decrease in 
the rate of candicidin production.
1.1.3.4.Multiple nutrient regulation.
Many antibiotic-producing organisms produce a range of antibiotics 
which are chemically heterogenous within the same culture. Streptomyces 
cattelya produces a range of antibiotics including thienamycin, 
cephamycin, penicillin N, N-acetyl thienamycin (Kahan et al, 1979) and a 
cyclopentenedione (Noble et al, 1978). The control of this suite of 
antibiotics is not regulated by a single extracellular component. It has 
been demonstrated that different antibiotics are produced, by the organism, 
under varying nutrient conditions (Bushell and Fry day, 1983) and that the 
varying modes of regulation lead to the production of different antibiotics.
l.L3.5.End product inhibition
It has been demonstrated that several antibiotics either repress or 
inhibit their own biosynthetic pathways. Chloramphenicol, produced by 
Streptomyces venezulae, represses arylamine synthetase, which is the first 
enzyme of the chloramphenicol biosynthetic pathway (Jones and Vining, 
1976). Other antibiotics that repress or inhibit their own biosynthetic 
pathways include penicillin (Gordee and Day, 1972), erythromycin A 
(Corcoran, 1981) and puromycin (Sankaran and Pogell, 1975).
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1.1.3.6. A-Factor
A-Factor is a compound that affects antibiotic synthesis and 
sporulation in some Streptomycetes. A-Factor was first isolated in strains 
of Streptomyces griseus (Khoklov, 1982) and similar compounds have 
been discovered in other Streptomyces (Sato et al, 1989), including 
Streptomyces coelicolor A3 (2). It has been demonstrated with mutants of 
Streptomyces griseus that cannot sporulate or produce streptomycin, that 
there is no A-Factor detectable within the cells (Hara and Beppu, 1982). 
However the addition of either a natural or synthetic A-Factor restores 
sporulation and streptomycin production (Sato et al, 1989).
The concentration of A-Factor that is required to stimulate 
secondary metabolism is low and it has been reported that the addition of 1 
jig of pure A-Factor, to a culture of a Streptomyces griseus mutant 
deficient in streptomycin production, induced the production of Ig of 
streptomycin (Khoklov, 1982). A-Factor binding proteins have been 
isolated in Streptomyces virginae and Streptomyces griseus (Miyake et 
al., 1989). A Streptomyces griseus mutant that did not produce A-Factor 
was isolated, but the mutant still retained the ability to sporulate and 
produce streptomycin. It was also discovered that this strain did not 
produce the A-Factor binding protein. This has suggested that the A- 
Factor binding protein suppresses sporulation and secondary metabolism 
and that the binding of A-Factor modifies this action so that the 
suppression of secondary synthesis does not occur (Miyake et al, 1990). 
The binding of A-Factor to the binding protein may be irreversible, as 
short periods of exposure to A factor are sufficient to induce streptomycin 
formation (Martin and Demain, 1980).
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l.L3.7.Summary of control aspects of secondary metabolism
Though there is no universally accepted model for the physiological 
control of antibiotic biosynthesis several models have been proposed that 
attempt to take into account both pathway specific and global control of 
antibiotic synthesis. Chater and Bibb (1995) proposed a model (Figure
1.1.) that takes into account both pathway specific and global regulation. 
Their model suggested that the effect of growth rate on certain pleiotropic 
genes initiates a cascade of events that leads to the initiation of antibiotic 
biosynthesis.
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Figure 1.1.Model proposed by Chater and Bibb (1995) for physiological 
control of antibiotic biosynthesis
An example of a pleiotropic gene can be seen in the action of the 
bid genes. Mutation of bldA in S. coelicolor displayed loss of both 
morphological differentiation and antibiotic synthesis. This suggested that
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the bldA gene is involved in the control pathways of both processes. The 
bldA gene encodes in S. coelicolor and S. lividans for the only tRNA that 
can translate the rare leucine codon UUA efficiently (Lawlor et ai, 1987, 
Leskiw et ai, 1991). It has been demonstrated that the TTA codon is 
found in several genes that are expressed late in the growth of the 
organism (Lawlor et al, 1987). This has suggested that bldA regulates 
antibiotic production by allowing the translation of mRNA containing the 
UUA codon under only certain conditions (Leskiw e? a/., 1991a).
Therefore the bldA gene can be seen as a global regulator for the 
pathway specific genes that contain the UUA codon. In S. coelicolor the 
production of actinorhodin and undecylprodigiosin requires the expression 
of the pathway specific genes acfil-ORF and redD respectively (Takano et 
al, 1992, Gramajo et al, 1993). Both of theses genes contain the UUA 
codon and require the expression of the bldA gene to ensure translation.
However the expression of the global regulator still requires a 
physiological trigger and the one proposed by Chater and Bibb is the 
overall growth rate of the organism.
Within the Microbial Physiology Group, University of Surrey, 
another model had been proposed for the physiological regulation of 
antibiotic synthesis in Saccharopolyspora erythraea and Streptomyces 
hygroscopicus (Wilson and Bushell, 1995). They proposed that a 
reduction in the growth rate of the organism leads to a cascade of events 
leading to the synthesis of secondary metabolites (Figure 1.2.)
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Figure 1.2.Physiological model for the initiation of antibiotic synthesis 
proposed by Wilson and Bushell (1995)
The two models proposed are complementary with the exhaustion of 
the growth rate limiting substrate leading to a slowing of the growth rate. 
This in turn activates a cascade of events resulting in the initiation of 
secondary metabolism. Wilson and Bushell proposed that the protein 
synthesis rate acts as a global initiator of secondary metabolism. 
Presumably protein synthesis rate influences the production of global 
regulator genes identified by Chater and Bibb.
Wilson and Bushell also proposed that differences in the substrate 
affinities for the growth rate limiting substrates may be responsible for the 
differences in the production kinetics observed. They observed non­
growth associated production kinetics under carbon limitation and growth 
associated production kinetics under nitrogen limitation. They suggested 
that one possible explanation for the difference in production kinetics 
could be the relative substrate affinities that the organisms have for the 
carbon and nitrogen sources. A lower affinity for the nitrogen source than 
the carbon source would lead to growth associated production under 
nitrogen limitation and non-growth associated production under carbon
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limitation. The effect of saturation constants on the production kinetics 
displayed by JSl and Saccharopolyspora erythraea under carbon and 
nitrogen limitation is explored in Section 4.
1.1.4. Antibio tic production in solo
The study of secondary metabolites has been carried out in artificial 
environments, such as the shake flask, fermenter and sterile soils. Any 
information gained, therefore, has to be viewed with caution. There is 
very little direct evidence for the production of antibiotics in the soil 
environment. Soil temperature and the concentration of nutrients are low 
and it would be expected that the concentrations of any antibiotics present 
in the soil would also be low. Thus, though antibiotics may be produced in 
the soil, they may be present in concentrations that are too low to have any 
effect upon susceptible organisms. This would invalidate the biowars 
theory. However, the soil environment cannot be regarded as a 
homogeneous habitat and a more accurate description is of a series of 
microhabitats. These microhabitats range in size from the rhizosphere to 
thin biofrlms surrounding a single soil particle (Bums, 1989). In these 
biofilms the local concentrations of nutrients are higher than in the bulk 
phase and thus the concentrations of secreted products, such as enzymes 
and antibiotics, would also be elevated. Therefore in these microhabitats 
the concentrations of antibiotics may be high enough for antibiosis to 
occur.
Further, indirect, evidence for the production of antibiotics in solo is 
to be found by examining the genetics of the streptomycetes. The 
production of secondary metabolites is controlled by an elaborate and 
highly regulated genetic system (Martin and Demain, 1980, Aharanovitz,
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1980, Martin and Liras, 1989). The development of such complex 
regulatory systems would not be required if these compounds were not 
produced in the organism’s natural environment and did not confer a 
survival advantage onto the producing organism. Fmther evidence is 
provided in the mechanisms by which the producing organisms protect 
themselves from the toxic effects of the antibiotics that they are capable of 
producing. The antibiotic hygromycin B is a potent protein synthesis 
inhibitor that acts upon the ribosomes. Hygromycin B is active against 
prokaryotes and eukaryotes and as such is capable of inhibiting the 
producing organism, Streptomyces hygroscopicus NRRL 2387. 
Hygromycin B can be inactivated by the action of the enzyme hygromycin 
phosphotransferase (Leboul and Davies, 1982) which is also present in the 
producing organism. The use of enzymes to modify and inactivate an 
antibiotic is employed by many streptomycetes to protect themselves from 
the toxic effects of their own products. Other examples include the 
production of streptomycin phosphotransferase to inactivate streptomycin 
in Streptomyces griseus (Miller and Walker, 1969) and the inactivation of 
puromycin by puromycin N-acetyltransferase by the producing organism 
Streptomyces alboniger (Sugiyama et al., 1985).
Other streptomycetes modify the target site of the antibiotic that 
they produce, Streptomyces erythraeus produces the antibiotic 
erythromycin, the organism also produces a protein that is coded for by the 
gene ermE. This protein modifies the ribosome and prevents the 
attachment and subsequent inhibition caused by erythromycin (Skinner and 
Cundliffe, 1982). The action of the ermE gene also protects Streptomyces 
erythraeus from the action of macrolides, lincosamides and streptogramin 
B (Cundeliffe, 1989). The existence of such complex genetic hierarchies
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to regulate not only the production of antibiotics, but the resistance to them 
as well seems hard to justify if antibiotics are not produced in the 
environment.
Despite all of the indirect evidence for the production of antibiotics 
there has been no direct evidence for the production of antibiotics by 
Streptomyces species in their natural habitats.
L2.Biological control
Biological control has been defined as the decrease of inoculum or 
the disease-producing activity of a pathogen accomplished through one or 
more organisms. This definition was first used in relation to plant 
pathogens by C.F.von Tubeuf in 1914 (Baker, 1987). Biological control 
has been studied since the turn of the century (Hartley, 1921). In this early 
study nursery soils were inoculated with 13 fungi that were antagonistic to 
Pythium debaryanum. A  control rate of 38.5% was achieved in untreated 
soils, but a control rate of 100% in previously autoclaved soils. During 
these early studies the cause of the observed antagonistic effect was not 
investigated. However, Sanford and Broadfoot (1931) observed a 
suppressive effect, in non-sterile soil, on the pathogen Gaeumannomyces 
graminis var tritici when challenged with a variety of fungi, bacteria and 
actinomycetes, They also observed a similar suppressive effect when the 
pathogen was grown in soil that had been treated with the culture filtrates 
form the antagonistic micro-organisms. This was the first investigation 
that linked antibiosis as a possible mode of action in the suppression of 
pathogens by antagonistic organisms. With the development of penicillin 
for use in human therapy, work was performed to evaluate soil fungi for 
their potential to produce antibiotics in soil. Investigations with
21
Thchoderma viride demonstrated that gliotoxin was produced on 
wheatstraw which had been buried in non-autoclaved soil (Wright, 1956).
By 1934 many of the principles, by which modem day biocontrol 
studies are conducted, had been demonstrated (Baker, 1987). However, at 
this period in agricultural history chemical control agents were widespread 
and there was no commercial interest in the development of biological 
control agents. However, as has been discussed previously, with the 
change in commercial attitudes there is a greater demand for the 
development of biological control agents. Also as the limitations of 
chemical control agents have become apparent, niche markets have been 
opened up for exploitation by biological controls. For example the 
development of Agrobacterium radiobacter to control crown gall did not 
compete with established chemical controls as there was no effective 
synthetic control agent available (Cook, 1993).
Even with the renewed interest in the development of biological 
control agents the global market is still very small. In 1989 the size of the 
world market for biological control agents was $48 million and of this 50% 
of the market was dominated by Bacillus thuringiensis (Lynch and Crook, 
1992).
1.3.Modes of action displayed by biocontrol agents
The modes of action displayed by biocontrol agents can be placed 
into three major categories :
1) Competition
2) Predation/Parasitism
3) Antibiosis, including the action of extracellular enzymes
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1.3.1. Competition
1.3.1.1.Nutrient competition
Unless an organism can compete favourably with other organisms 
and effectively scavenge and utilise the available nutrients, it will not form 
a significant proportion of the rhizosphere population (Hattori, 1988), 
Within the soil environment the quote "the survival of the fittest" (Spencer, 
1865) is literally true. If an organism cannot compete effectively with the 
surrounding microbial biomass then it will not gain the nutrients it requires 
for growth and survival, it will die. Competition within the rhizosphere is 
intense as both the number of microbial species and number of microbial 
cells increase with proximity to plant roots (Foster and Rovira, 1978, 
Campbell, 1985). The competition for nutrients has been implicated in the 
suppression of some pathogens.
The role of nutrient competition has been suggested as the 
explanation for the control of Fusarium spp. in suppressive soils. 
Alabouvette et al., (1985) determined that the biomass levels measured in 
Fusarium suppressive soils are higher than those observed in Fusarium 
conducive soils. They suggested that it was this elevated microbial 
biomass that was responsible for the suppression of Fusarium due to the 
greater nutrient competition. The role of nutrient competition was 
suggested as the control mechanism responsible for the suppression of 
Pythium damping-off by several bacteria (Elad and Chet, 1987). They 
isolated 130 soil living bacteria and assayed them for the ability to control 
Pythium damping-off in a glasshouse trial. Of the 130 isolates only 6 were 
found to be effective biocontrol agents, in the greenhouse trial. Many of 
the 130 bacterial isolates had produced antifimgal compounds in vitro, but
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only the 6 effective isolates had demonstrated any ability to compete for 
the available nutrients.
In the rhizosphere the fluorescent peudomonads are especially 
suited for competition as they are nutritionally versatile and grow rapidly 
(Weller, 1985). Work performed by Elad and Baker (1985) has implicated 
the competition for available carbon sources as the inhibiting factor that 
was observed in the suppression of Fusarium oxysporum, Fusarium solani 
and Fusarium graminearum by non-siderophore producing Pseudomonas 
species. Even with the extensive studies performed with Pseudomonas 
species it is difficult to conclusively demonstrate that a superior ability to 
utilise nutrients confers a survival advantage in the rhizosphere. 
(O'Sullivan and O'Gara, 1992). Studies have been performed with 
nutritionally deficient peudomonad mutants (O'Sullivan et al., 1991) that 
were unable to produce proteases, or were unable to utilise the Enter- 
Doudoroff pathway and were, therefore, unable to catabolise glucose, 
trehalose, gluconate, fructose, mannitol or glycerol. A mutant was also 
obtained that could not metabolise succinate, malate or fumarate. These 
mutants were compared to wild type strains in a root colonisation assay. 
There was no significant difference in the colonisation ability of the 
mutants compared to the wild type strains. However as has been 
previously discussed Pseudomonas species are nutritionally versatile and 
the range of available nutrients in the rhizosphere is diverse.
1.3.1.2.Competition for space
Competition in the rhizosphere is not only limited to nutrient 
competition, physical space for colonies to grow and colonisation of root 
surfaces is also competed for. Several biological control agents have been
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discovered that prevent pathogen attack by physically blocking the 
infection sites. One of the few commercially available biocontrol agents 
utilises this mode of action. The fungus Peniophora gigantea is applied to 
freshly cut pine stumps to prevent stem and root rot caused by 
Heterobasidium annosum, and is marketed in the U.K. as P.g. Suspension 
(produced by Ecological Laboratories Ltd.). The discovery of this 
biocontrol agent occurred in 1963 when Risbeth (1963) observed that 
Peniophora gigantea could colonise pine stumps preventing the 
subsequent invasion and colonisation of the pathogen Heterobasidium 
annosum, however this only happened infrequently. In order to achieve 
better control, over the pathogen, Peniophora gigantea spores were 
applied, as a water based spray to the freshly cut stumps, work has since 
been performed on the formulation of the spores into chainsaw oil 
(Deacon, 1983).
Non-pathogenic frmgi have been investigated as possible biocontrol 
agents against their pathogenic counter-parts. Tomato wilt caused by 
Verticillium dahliae has been controlled by root dipping young seedlings 
in suspensions of an avirulent strain of Verticillium albo-atrum (Matta and 
Garibaldi, 1977). Also the severity of wilt in peas caused by Fusarium 
oxysporum f.sp. pisi has been reduced by growing the plants m soil 
infested with non-pathogenic strains of Fusarium solani f.sp. pisi (Kraft, 
1978). In both of the above cases the virulent and avirulent fungi occupy 
the same infection sites on the plant roots. It is the competition for the 
infection sites that is suggested as being responsible for the reduction in 
disease severity.
Some of the best evidence for the suppression of disease by the 
competition for infection and colonisation sites has arisen from the use of
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mutants. Pseudomonas solanacearum causes wilt in tomatoes. A gene 
cluster involved in the pathogenic activity of the organism has been 
identified, known as the hrp cluster. Hrp” mutants have been obtained and 
evaluated as potential biocontrol agents (Frey et al., 1994). They 
observed that there was a reduction in disease severity when plants, that 
had been colonised with the hrp- mutants were challenged with the wild 
type strain.
The most researched example of damage control by niche exclusion 
is the reduction of fi’ost damage caused by ice"  ^pathovars of Pseudomonas 
syringae, which act as ice nucléation points (Amy et a l, 1976 and Gross 
et a l, 1983). Mutants of Pseudomonas syringae have been constructed 
that are ice"; they do not have the ability to act as ice nucléation points 
(Lindow, 1987). There are only a limited number of bacterial colonisation 
points on the leaf surface so the establishment of ice" mutants, on the leaf 
surface, reduces the number of colonisation points that are available to the 
ice"  ^ wild type strains. Hence the severity of frost damage is reduced. 
This competitive exclusion of pathogens by fluorescent Pseudomonas 
species has been suggested to contribute to the biocontrol activity 
observed against Fusarium spp. (Elad and Baker, 1985) and Pythium spp. 
(Elad and Chet, 1987).
1.3.1.3.Competition for iron
Iron is required for the growth of almost all hving organisms and 
thus the ability of an organism to scavenge iron m an iron limited 
environment, such as the rhizosphere, is vital for survival (O’ Sullivan and 
O' Gara, 1992). To facilitate the scavenging of iron some micro-organisms 
produce extracellular iron chelating compounds known as siderophores.
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Siderophores, produced by Pseudomonas species have been 
implicated in the suppression of plant pathogens and have been 
hypothesised as a mechanism for disease suppressive soils (Kloepper et 
a i, 1980). Pseudomonas species produce a range of siderophores 
including pseudobactin, ferribactin and pyoverdine (Dowling and O'Gara, 
1994). These compounds bind ferric (Fe^+)iron, with a very high 
substrate affinity, into a ferric-siderophore complex that renders the iron 
unavailable to other organisms (Buyer and Leong, 1986).
The suppression of plant pathogens by the action of siderophores 
was first demonstrated with Pseudomonas strain BIO (Kloepper et a i, 
1980). Strain BIO had been isolated from a take-all suppressive soil and 
when added to a take-all conducive soil suppressed both 
Gaeumannomyces graminis var tritici, the causal agent of take-all, and 
Fusarium oxysporum f.sp. Uni. This induced suppression was also 
observed when the siderophore, pseudobactin, produced by strain BIO was 
added to conducive soils. In both cases, either the addition of BIO or 
pseudobactin, the disease suppression could be reversed by the addition of 
ferric iron to the soil. This indicated that the suppressive effect was due to 
competition for the available iron. This effect has also been observed in 
the control of Fusarium wilt of flax, cucumber and radish by the addition 
of Pseudomonas putida or its siderophore to disease conducive soil (Scher 
and Baker, 1982).
Further evidence for the role of siderophores in the biocontrol of soil 
borne plant pathogens has been provided by the use of siderophore 
deficient pseudomonad mutants. Investigations performed by Becker and 
Cook (1988) and Loper (1988) have shown that the suppression of 
diseases caused by several Pythium spp. has not been observed when the
27
pathogens have been challenged with non-siderophore producing 
pseudomonad mutants. It has also been suggested that not only is growing 
fungal hyphae suppressed by siderophore mediated iron competition but 
that siderophore mediated disease suppression may also function by 
preventing the germination of the pathogens spores. A direct, in vitro, 
correlation between siderophore production and the inhibition of Fusarium 
chlamydospore germination has been demonstrated (Elad and Baker, 
1985a and 1985b). The suppression of spore germination may help to 
lower disease severity by lowering the inoculum levels of the pathogen in 
soil.
Though siderophore production has been demonstrated to suppress 
soil borne plant pathogens this effect is only seen in conditions of low 
ferric iron concentrations. One of the major restrictions on the availabihty 
of ferric iron is the pH of the soil. As the pH rises the availability of ferric 
iron declines and thus at alkaline soil pH's the production of siderophores 
may be a significant factor in the overall disease suppression of the soil. 
However in acid soils the contribution of siderophores to the suppression 
of soil-borne plant pathogens may not be significant (Renwick and Poole, 
1989).
l.S.l.Parasitiçm/Mycoparasitism
The control of a fungal pathogen by the parasitic action of a second 
fungus has been studied over many years. The parasitic effect of 
Trichoderma spp. on Rhizoctonia solani was first reported in 1932 by 
Weindling. The hyphae of Trichoderma viride coil around and penetrate 
Rhizoctonia solani hyphae by the action of extracellular enzymes, such as 
chitinases, glucanases and proteases. (Elad et al., 1982). This mode of
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biocontrol activity varies from competition and antibiosis as actual 
physical contact between the pathogen and the antagonist is required. This 
may reduce the effectiveness of mycoparasitism as a viable biocontrol 
agent against primary infection. However parasitism may be a more viable 
biocontrol method for lowering the pathogenic inoculum potential of the 
soil by invading and destroying the survival structures, such as spores, 
chlamydospores of the pathogenic fungi. Wells et al., (1972) reported that 
the sclerotia of Sclerotium rolfsii had been infected by Trichoderma 
harzianum thus lowering the pathogenic inoculum potential.
Bacterial colonisation and lysis of fungal hyphae have also been 
observed. Several bacterial species including Pseudomonad, Klebsiella 
and Actinomycetes were observed to attach to hyphae of Phytophthora 
cinnamomi causing hyphal lysis (Nesbitt et al., 1981). The attachment of 
Enterobacter cloacae has also been linked to the control of pre-emergence 
damping-off caused by Pythium ultimum. The mechanism by which the 
disease is suppressed is not clear but there is no evidence of the production 
of an antibiotic and for the control effect to be observed the bacteria has to 
be attached to the hyphae of the pathogen (Nelson et a l, 1986).
The reduction of pathogen inoculum potential has been 
demonstrated with the parasitism of Phytophthora megasperma var sojae, 
Phytophthora „ cactorum, Pythium spp. and Aphanomyces euteiches 
oospores in soil by several bacterial species, including Actinomycetes, and 
several fungi (Sneh et a l, 1977). With mycoparasites having a greater 
potential for the reduction of pathogen inoculum levels, the establishment 
of mycoparasites in soil which has undergone drastic chemical treatment 
(such as fumigation with methyl bromide) may give better levels of 
control. Though fumigation eliminates most of the microbial population
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re-infection may occur rapidly. With the establishment of a mycoparasite, 
to reduce inoculum potential after fumigation, good long term control 
could be achieved. This integrated approach, using both chemical and 
biological control methods, could give better results than either of the 
control systems alone (Elad et a l, 1982).
1.3.3.Antîbiosis
Antibiotics have been described by Gottlieb and Shaw (1970) as 
'organic substances that are produced by microbes and are deleterious at 
low concentrations to the growth or metabolic activities of other micro­
organisms’, they have also been defined as ’special inhibitory products’ 
(Goldberg, 1959), However antibiosis is not only mediated by antibiotics 
but can be caused by ammonia, acids and other small molecules like 
hydrogen cyanide. Therefore antibiosis should be described as 'the 
inhibition of one organism by a metabolite of another' (Baker and Cook, 
1974).
The production of hydrogen cyanide by fluorescent Pseudomonads 
species has been shown to suppress the black root rot of tobacco (Voisard 
et a l, 1989). It has also been shown that the production of hydrogen 
peroxide by Talaromyces flavus is inhibitory to Verticillium dahliae. The 
hydrogen peroxide is produced during reactions catalysed by glucose 
oxidase and that the control of Verticillium dahliae by Talaromyces flavus 
only occurs in the presence of glucose (Fravel et a l, 1987 and Kim et a l, 
1988). It has also been suggested that the production of acids by some 
ectomycorrhizal fimgi is responsible for the inhibition of Pythium ultimum 
growth. It has been demonstrated that the hyphal growth of Pythium 
ultimum is inhibited at pH 3 or lower, and that some ectomycorrhizal fimgi
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reduce, in vitro, the pH of their environment to pH 3 or less. This has 
been suggested as a means of the control of rhizosphere organisms as 
many ectomycorrhizal fungi lower the pH of their environment 
(Rasanayagams and Jeffiies, 1992). Alkaline metabolites have also been 
suggested as biocontrol agents with the production of ammonia being cited 
as the active agent in the control of Pythium pre-emergence damping-off 
by Enterobacter cloacae (Howell et al., 1988).
The role of antibiotics in the control of plant pathogens has been 
implicated by several workers. Cullen and Andrews (1984) correlated the 
antibiotic titre of 7 strains of Chaetomium globsum with their relative 
levels of control over the apple scab pathogen, Venturia inaequalis. They 
demonstrated that the higher the antibiotic titre of the biocontrol agent the 
higher the level of control over the pathogen was observed. More 
evidence for the role of antibiotics has been obtained by using cell free 
extracts. Cell free extracts from Bacillus subtilis have been shown to be 
inhibitory to several plant pathogens including the inhibition of Uromyces 
phaseoli, causal agent of bean rot (Baker et a l, 1983), the inhibition of 
Macrophomina phaseolina and Botryodiplodia solani-tuberosi, causal 
agents of potato charcoal rot (Thirumalachar and O'Brien, 1977) and the 
suppression of brown rot of stone fruit caused by Monilima fruticola 
(McKeen et al,, 1986).
Some of the most direct evidence for the use of antibiotics as natural 
control agents, in the environment has come from the use of antibiotic 
deficient mutants. The use of antibiotic deficient mutants of Erwinia 
carotovora subsp betavasculorum have been used to demonstrate that an 
antibiotic was required for the suppression of Erwinia carotovora subsp 
carotovora in potato infection courts (Axehood et al., 1988). The use of
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antibiotic deficient mutants has also been used to demonstrate the role that 
antibiotics play in the biocontrol of Erwinia amylovora by Erwinia 
herbicola Eh252 (Vanneste et al., 1992).
One of the most studied biocontrol systems has been the biocontrol 
of the wheat take-all pathogen Gaeumannomyces graminis var tritici by 
fluorescent Pseudomonads. It had been demonstrated by Gurusiddaiah et 
al., (1986) and Brisbane et al., (1987) that an antibiotic, phenazine-1- 
carboxylate, produced by some fluorescent pseudomonads was inhibitory 
to the take-all pathogen. Thomashaw and Weller (1988) used an antibiotic 
deficient mutant and demonstrated, in vivo, that the observed biocontrol 
activity of the mutant, against the take-all pathogen, was significantly 
lower than that of the antibiotic producing wild type.
Genetic manipulation has also been used to increase the 
concentration of antibiotics produced by microorganisms. The 
introduction of the cosmid pME3090 into Pseudomonas fluorescens strain 
CHAO (Maurhofer et al., 1995) lead to enhanced levels production of the 
antibiotics pyoluteorin and 2,4-diacetylphloroglucinol. In gnobiotic 
systems the antibiotic overproducing organism better protected cucumber 
plants against the pathogens Fusarium oxysporum f.sp. cucum.erinum and 
Phomopsis sclerotioides than the wildtype. The overproduction of 
pyoluterin and 2,4-diacetylphloroglucinol in Pseudomonas fluorescens 
strain CHAO has also been caused by the insertion of a vector carrying the 
rpoD gene (Schnider et al., 1995). Again the increased antibiotic levels 
gave enhanced protection of cucmuber against Pythium ultimum in 
comparison to the wildtype.
However, despite all of the work performed on the role of 
antibiotics in the control of plant pathogens there was very little direct
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evidence for the production of antibiotics in the rhizosphere. The first 
direct evidence was presented by Thomashaw et al., (1990) when they 
detected, using high performance liquid chromatography, phenazine-1- 
carboxylic acid in a wheat rhizosphere that had been inoculated witli 
fluorescent Pseudomonas species. They also showed, using the same 
assay, that there was no production of phenazine-1-carboxylic acid in the 
wheat rhizosphere that had been inoculated with the antibiotic deficient 
mutants. This study and their previous work represented the first direct 
evidence of the production of an antibiotic in the rhizosphere and its effect 
on the biocontrol of a soil borne plant pathogen.
1.3.4.Combiiied modes of biocontrol activity
Though the varying modes of biocontrol activity have been 
classified into distinct groups there are many cases where successful 
biocontrol agents exhibit more than one mode of action. Several workers 
have reported that though one mode of action provides a significant 
proportion of the observed biocontrol activity it cannot account for the 
total effect. Vanneste et al. (1988) suggested that though antibiosis 
explained much of the observed biocontrol effect, it was not responsible 
for the entire biocontrol activity of the organism and that there must be 
another mechanism involved.
Loper (1988) reported that siderophore production did not account 
for all of the observed biocontrol activity exerted by Pseudomonas 
fluorescens over Pythium ultimum. The production of siderophores has 
been suggested as co-mechanism for the observed biocontrol effect in the 
suppression of Phytophthora parasitica by Pseudomonas fluorescens and 
Pseudomonas putida. They have suggested that the rest of the biocontrol
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activity is due to hyphal colonisation of the pathogen by the biocontrol 
agents. It has also been suggested that the biocontrol action of some 
Pseudomonads requires the production of both siderophores and 
antibiotics (Weller and Cook, 1986).
The most successful example of disease suppression by a biocontrol 
agent is the control of crown gall. Crown gall is caused by Agrobacterium 
tumefaciens and can be controlled by Agrobacterium radiobacter strain 
K84, which produces an antibiotic, agrocin 84 (Kerr and Htay, 1974). 
Though agrocin 84 is the major factor in the observed control effect it has 
been seen that strain K84 is only effective if there is a higher number of 
Agrobacterium radiobacter strain K84 cells than Agrobacterium 
tumefaciens present at the infection site (Deacon, 1983). This suggested 
that competition for infection sites was also involved in the biocontrol of 
crown gall (Du Plessis, 1985). An agrocin 84 deficient mutant was 
constructed and was seen to retain some level of biocontrol activity against 
Agrobacterium tumefaciens (Cooksey and Moore, 1982). This confirmed 
that the suppression of Agrobacterium tumefaciens was due not only to 
antibiosis but also to niche exclusion.
1.4.Streptomycetes as biocontrol agents
Streptomyces species are common saprophytic soil micro-organisms 
(Lacey, 1973) that have been found colonising the rhizosphere and 
rhizoplane of several plant species, including wheat (Miller et al., 1990), 
maize (Miller et a l, 1989) and soybean (Mohamed, 1982). 
Streptomycetes have also been reported to grow endophytically in 
perennial ryegrass (Gurney and Mantle, 1993) and in tomato root cells 
(Sardi et a l, 1992). The role of Streptomyces species in the suppression
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of soil borne flingal pathogens has been studied and the research 
performed has shown that they are a promising group of fimgus- 
antagonistic, root-colonising microbes (Crawford et a l, 1993).
There have been many reports of the general role of Streptomycetes 
in the antagonism of pathogenic fungi both in vitro and in vivo. In vitro 
studies on the control of several Pythium and Phytophthora spp. were 
performed by Broadbent et a l (1971) and Knauss (1976). Both of the 
studies demonstrated that Streptomyces species were antagonistic to the 
fungal pathogens, in vitro. In vivo studies have been performed to 
demonstrate the biocontrol potential of Streptomyces species applied as 
either seed dressings or root dips. El-Abyad et a l (1993) coated tomato 
seeds with three antagonistic Streptomyces species, Streptomyces pulcher, 
Streptomyces canescens or Streptomyces citreofluorescens. Treatment 
with any of the three antagonistic organisms significantly reduced 
Fusarium and Verticillium wilt of tomato. Suppression of charcoal rot of 
sunflower and mung bean was also reported after the seeds had been 
coated with an antagonistic Streptomyces species (Hussain et a l, 1990). 
The use of Streptomyces ochraceiscleroticus, as a root dip, to control 
several plant pathogenic fungi including Verticillium dahliae, Fusarium 
oxysporum, Phytophthora capsici and Colletotrichum coccodes, on a 
range of hosts, such as cotton, pepper, tomato, cucumber and melon has 
been reported to give good levels of disease control (Turhan, 1981). In 
none of the above studies has the mode of disease suppression been 
examined.
Streptomyces species produce a large range of antibiotic compounds 
and there have been many studies into the role of antibiosis in 
Streptomycete mediated disease suppression. The production of
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antibiotics by Streptomycetes in soil (Rangswami and Ethiraj, 1962) and in 
the rhizosphere (Rangswami and Vidyasekaran, 1963, Whaley and Boyle, 
1966) has been demonstrated using buried slide techniques. However no 
direct evidence has been produced for the production of antibiotics in soil. 
Biocontrol studies that have been performed that have implicated the role 
of antibiotics. Reddi and Rao (1971) used cell free culture extracts and 
demonstrated the biocontrol of damping-off in tomato. Rose et a l, (1980) 
reported that a Streptomyces species which was antagonistic to Phellinus 
weirii, Fomes annosus and Phytophthora cinnamomi produced an anti- 
fungal compound but also suggested that the exhibited biocontrol activity 
was due to both antibiosis and niche exclusion. However, there have been 
many studies performed that have questioned the role of antibiotics in the 
antagonistic effects of Streptomyces species. Rothrock and Gottlieb 
(1981) investigated the biocontrol of Rhizoctonia solani and Phytophthora 
megasperma var sojae using 10 Streptomyces spp. of which 5 produced 
antibiotics that were inhibitory to the plant pathogens and the remaining 5 
produced no inhibitory products. The found that there was no relationship 
between the production of antibiotics and the antagonism displayed 
towards the plant pathogens. Non-erythromycin producing mutants of 
Streptomyces griseus have been evaluated against the wild type strains in 
the biocontrol. of Bacillus subtilis (Siminoff and Gottlieb, 1951). These 
authors reported that there was no difference in the control of Bacillus 
subtilis displayed by either the mutant or the wild type.
Though the role of antibiosis in streptomycete antagonism remains 
unclear there has been evidence presented to explain some of the observed 
biocontrol activities. The inhibition of Glomerella cingulata and Mucor 
ramannianus, in vitro, has been reported to be, in some cases, due to
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nutrient competition (Hsu and Lockwood, 1969). Some Streptomyces 
species have been shown to produce extracellular chitinases, which have 
been demonstrated to be significant in the degradation of fimgal cell walls 
(Beyer and Diekmann, 1985). Parasitism of growing fimgal hyphae has 
been reported with Streptomyces albus actively parasitising Nectria 
inventa (Tu, 1986).
At present there is only one commercially available biocontrol 
Streptomyces species. Streptomyces griseoviridis was isolated fi*om 
Sphagnum peat (Tahovnen, 1982) and is active against Fusarium wilt of 
carnations (Lahdenpera, 1987), damping-off of brassicas and root rot of 
cucumbers (Tahvonen, 1988). A preparation of the spores is marketed 
under the name Mycostop and is commercially available in Finland, where 
the use of chemical controls on some crops is prohibited (Tahvonen and 
Lahdenpera, 1988). Mycostop is produced by hyphal cultuie and the final 
product contains both Streptomyces griseoviridis spores and mycelia, 
Mycostop is applied as either a seed dressing or a soil drench (Mohammdi, 
1992). The action of the biocontrol agent appears to be by preventing the 
establishment of the pathogens on the plants, as once the pathogen 
becomes established Mycostop does not give any level of control.
l,4.1.Recent developments in the use of Streptomyces species as 
biocontrol agents
The potential use of Streptomycetes as biocontrol agents has been 
further investigated in the rhizosphere and phylloplane and for the control 
of fungal pathogens and nematodes. Streptomyces atroolivaceus used as a 
seed coating significantly reduced the disease symptoms caused by 
Xanthomonas campestris pv malvacearum on cotton plants and was also
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reported to have a beneficial effect on plant growth (Elshanshoury, 1994). 
Streptomyces griseoviridis was screened for antagonism to 
Pseudocercosporella herpotrichoides, the causal agent of eyespot on 
cereals (Clarkson and Lucas, 1993). Streptomyces lydicus WYEC108 has 
been demonstrated to produce extracellular metabolites that have 
antifimgal activity against Pythium ultimum and Rhizoctonia solani (Yuan 
and Crawford, 1995). Disease suppression was also observed when 
Streptomyces lydicus WYEC108 spores were applied as either seed 
treatments or soil treatments. Streptomyces pulcher, Streptomyces 
citreofluorescens and Streptomyces canescens have been demonstrated to 
have biocontrol activity against the tomato pathogens Fusarium 
oxysporum f.sp. lycopersici, Verticillium albo-atrum and Altemaria 
solani (El-Abayad et al., 1993). The level of control observed varied with 
differing treatments. Three treatments were used with the coating of 
tomato seeds with spores, from the antagonists, giving the best levels of 
control.
Streptomyces species have also been evaluated for protection of 
cotton plants in nematode infested soils and have been demonstrated to 
have an effect on nematode population densities and cotton yields (Anter 
et al, 1995). Several Streptomyces species have also been evaluated for 
the control of Bipolaris sorokiniana and Sclerotinia homoeocarpa on the 
phylloplane of Poa pratensis (Kentucky bluegrass) (Hodges et al, 1993). 
They reported that one Streptomyces hygroscopicus strain showed erratic 
control of the pathogens, which was dependant upon how the antagonist 
had been prepared for use. However a different Streptomyces 
hygroscopicus strain effectively controlled the infection and subsequent 
chlorophyll loss caused by the pathogens.
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Antibiosis has been implicated in the biocontrol activity of several 
Streptomyces. Three antibiotic substances were isolated and purified fi*om 
the culture broth of Streptomyces violaceoniger (Hwang et ai, 1994). 
The purified antibiotics inhibited the mycelial growth of Phytophthora 
capsici and Magnaporthe grisea on pepper plants. Polyene antibiotics 
have been imphcated as part of the growth suppressive mechanism of 
antagonistic Streptomyces species isolated fi*om Sphagnum peat 
(Raatikainen et al, 1993). They reported that there was a significant 
difference in the antibiotic production in suppressive isolates compared to 
non-suppressive isolates.
The level of biocontrol activity of Streptomyces spiroverticillatus 
and Streptomyces corchorusii over the pathogens Fusarium oxysporum 
f.sp. phaseoli and Pseudomonas solanacearum, the causal agents of 
French bean and banana wilt respectively, was enhanced using a UV 
radiation regime (El-Abyad et al, 1993). Again antibiosis was implicated 
as the most effective biocontrol treatment consisted of soaking French 
bean seeds in the culture filtrate of a Streptomyces corchorusii mutant. 
The level of biocontrol achieved was 83% compared to 43% by culture 
filtrates fi*om the wild type strain. These results suggest that the UV 
irradiation regime has enhanced the production of an extracellular 
metabolite that is inhibitory to both fungal and bacterial pathogens.
The use of Streptomyces species as biocontrol agents is a promising 
field of research, though much work remains to be done on the method of 
delivery of the biocontrol agents to their targets (Lumsden et al, 1995). 
Streptomycetes have the ability to colonise plant roots, use a diverse range 
of nutrient sources and can produce antibiotics. These factors may confer 
significant advantages to streptomycetes in the rhizosphere and rhizoplane.
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l.S.The commercial growing system
A high proportion of the tomato growers in The United Kingdom 
and The Netherlands employ soilless culture systems, hydroponics, to 
cultivate the tomato crop (Lethbridge 1991, personal communication). 
With the use of soilless culture systems the presence of soil-borne plant 
pathogens is removed and the levels of microbes, within the culture 
system, is very low compared to the soil environment. Despite the 
reduction of microbial numbers disease occurs and with no colonising 
microflora there is very little microbial competition to inhibit the pathogen.
The hydroponic system, used by tomato growers, is based upon 
rockwool. This mineral wool is used as the physical support for the plants 
growth, from sowing through to maturation and fruiting. The plants 
receive their nutrients from plant foods such as Solufeed. These are 
complete fertilisers that contain all the nitrogen, phosphorous and 
potassium that the plants require to growth. The plant foods also contain 
the required trace elements that the plants require (see Appendix 2 for the 
composition of Solufeed). This growing method includes 3 distinct 
phases. Each of these phases, seedling stage - 0 to 2 weeks, young plants 
- 2 to 6 weeks and mature plants - 6 weeks to finiting is characterised by a 
change in the size of the rockwool support and strength of the plant feed.
1.5.1.Seedling stage
The seeds are sown onto small rockwool plugs, which are housed in 
polystyrene trays. Each of the trays can hold approximately 200 seedlings. 
The seedling trays are placed inside irrigation tanks into which seedling 
strength plant nutrient solution is introduced. Although the ideal situation 
is to rninirnise disease incidence at this stage the loss of seedlings is not a
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major economic factor to the growers. If there is disease incidence in a 
seedling tray that entire tray of is discarded. This is a preventative 
measure, as even if the seedlings appear healthy they may be infected or 
carrying pathogen survival structures.
1.5.2.Young plants stage
After 2 weeks, healthy seedlings are moved into larger rockwool 
supports. The seedlings are removed, along with the rockwool plug that 
they were sovm onto, and are placed into a rockwool block. The blocks 
are designed with a hole bored in the surface that is large enough to 
accommodate the rockwool plug that the seedling has grovm into. This 
minimises the level of damage that the tomato plant roots sustain. The 
reduction of damage to the plants roots is of importance, as wounds in the 
roots leak large amounts of nutrients into the rhizosphere. This attracts the 
microbial population to the vulnerable area of the root, where the primary 
defences of the root have been removed. Thus the plant can be invaded, 
by not only specialist pathogens but by opportunistic pathogens as well. 
Opportunistic pathogens are those that could not penetrate an intact root.
Each of the rockwool blocks is placed in a punnet where a more 
concentrated plant nutrient is added. At this stage, the plants start to 
become commercially important and loss of the plants at this stage, and 
older, represents a significant economic loss.
1.5.3.Mature plants
After, approximately 6 weeks, the plants, and their rockwool 
supports, are transferred for the final stage of the plants’ growth. The 
rockwool blocks are placed onto rockwool slabs and the plants are
41
provided with support structures. At this stage the concentration of the 
plant food is increased again and the plants are feed from a drip tube, 
which is inserted into the rockwool slab next to the stem of the plant. The 
flow of nutrients, to a plant, is adjusted so that very little of the plant feed 
leaks out of the rockwool slab. The plants remain at this stage until they 
have matured and fruited. The loss of mature plants is to be avoided as, at 
this stage, each plant represents a large investment.
1.6.Biocontrol in hydroponic systems
The rhizosphere in rockwool hydroponic systems is vastly different 
from that in soil. In the 'natural* rhizosphere there are many elements that 
are not found, initially, in the rockwool rhizosphere. The soil rhizosphere 
contains nutrients from root exudates, sloughed root cells, and micro­
organisms, but also present are nutrients from the decay of plants, leaf 
litter and dead organisms. This nutrient pool is not present within the 
rockwool environment. The availability of nutrients is exploited by the 
microbial community and thus large numbers of micro-organisms are 
present in the rhizosphere (Table 1.1.).
Soil Organism Number/g of soil
Bacteria 109
Actinomycetes 10?
Fungi 106
Protozoa 103
Algae 103
Table 1.1.Typical population levels found in the rhizosp 
1983)
lere (Foster et al.
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The presence of so many micro-organisms within the rhizosphere 
means that the competition for space and nutrients is high. The intense 
competition for nutrients and high levels of predation have been shown to 
have an adverse effect upon the introduction of micro-organisms into the 
rhizosphere (Habte and Alexander, 1977, Chakraborty et al, 1983, Casida, 
1980) and the numbers of laboratory organisms introduced, into the 
rhizosphere, have been shown to decline rapidly (Liang et al, 1982, 
Thompson et al, 1990). There is a very different situation found within the 
rockwool environment. Rockwool is spun at 2000^0 and is, therefore, 
sterile when made. There are only a few potential sources for the 
development of a microbial community. These are the seed, airborne 
propagules or the plant feed. The plant feed is made with standard water 
supplies and is, probably, the largest source of micro-organisms. Within 
the rockwool there are no natural carbon sources and nutrients 
concentrations will only build up as the seedlings grow and release root 
exudates into their supports. Thus there is very little microbial competition 
to be found within the rockwool rhizosphere, initially. Due to the reduced 
levels of competition the introduction of pathogens into the system can 
lead to a fast build up of disease (Rattink, 1991). However the virtual 
sterility of the system, at sowing, is ideal for the establishment of 
biological control agents. The biological control of the tomato pathogen 
Fusarium oxysporum f.sp. radicis-lycopersici has been demonstrated in 
rockwool hydroponic systems using a variety of biocontrol agents, 
including non-pathogenic Fusarium (Louter and Edgington, 1990), 
Trichoderma harzianum and Streptomyces griseo-viridis (Rattink, 1993). 
The use of Trichoderma harzianum has given promising results for the 
biocontrol of tomato pathogens in rockwool hydroponic systems.
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l.T.Aims of the investigation
i) To investigate the mode of action displayed by JSl within the 
commercial hydroponic system and to determine whether the observed 
biocontrol effect is due to antibiosis, niche exclusion or nutrient 
competition.
ii) To determine the effect that extracellular factors, such as nutrient 
limitation and culture pH, have on the growth and production of both JSl, 
and the characterised strain, Streptomyces hygroscopicus var enhygrus, 
NRRL3664.
iii) To compare and contrast the production kinetics of JSl with 
Saccharopolyspora erythraea and to demonstrate that the protein 
synthesis rate of the organisms is a good indicator for the initiation of 
antibiotic biosynthesis.
iv) Determine the saturation coefficients of glucose and nitrate for both 
JSl and Saccharopolyspora erythraea . Then conelate the obtained 
saturation coefficients with the production kinetics observed for both 
organisms under glucose and nitrate limited batch culture.
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2. MATERIALS AND METHODS
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2.1.Organisms and culture storage
The organisms used in this study were :
JSl - A Streptomycete sp. obtained from the University of 
Surrey
NRRL3664 - Streptomyces hygroscopicus var enhygrus
JS2 - A mutant of JSl
ATTC21705- Streptomyces hygroscopicus
Streptomyces erythraea - MG10534
Streptomyces coelicolor - M145 DUTCH
Streptomyces roseusporous - 31568
Streptomyces venezuelae
These organisms were stored in 20% glycerol at a temperature of 
-20^0 and were restocked every 3 months (Smith and Onions, 1983). The 
cultures were cultivated on NE agar, which was observed to give high 
levels of sporulation, prior to storing in 20% glycerol. This medium 
consists of lOgl"  ^ glucose (BDH, Analar), 2gl“  ^yeast extract (Oxoid), 2gl“  ^
cas amino acids (Difco), Igl"  ^ lab lemco (Oxoid) and 20gl”  ^ technical agar 
No.l (Oxoid).
2.2.Inoculum preparation
Inocula were prepared using a two stage liquid growth method. The 
organisms were initially grown in 30ml nutrient broth in a 250ml 
Erlenmeyer flask , NB (Oxoid), at 30°C for 72 hours. A 2ml aliquot of 
this was transferred into a defined media for a further 72 hours. The type 
of defined medium used depended on the experimental media that was to 
be used. If a satisfactory biomass concentration had not been reached in
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either medium after 72 hours the flasks were discarded and the process 
was restarted.
2.3.Culture media
Defined culture media were used in both batch and chemostat work 
to facilitate the accurate determination of carbon and nitrogen uptake 
during the culture. The defined media were formulated to be carbon 
limited ('C ltd) or nitrogen limited (*N' ltd). The other defined media that 
was used for bioreactor cultures was based on the plant food Solufeed 
(ICI) supplemented with sodium glutamate.
2.3.1.L series media (McDermott et al., 1993)
Cltd N ltd
Glucose, gl"  ^
(BDH, Analarl
15 30
K2HPO4 , g n  
(BDH, Analar)
7 7
KH2PO4 , gl-^
(BDH, Analar)
3 3
NaNOs, gl"  ^
(Sigma)
11.12 2.38
Trace, ml“  ^
(see below)
10 10
Trace Solution : 0.25g MgS0 4 .7H20, 0.025g FeS0 4 .H20, 0.00053g 
CuCl2 , 0.00055g C0CI2 , 0.0138g CaCl2 .2H2 0 , 0.00104g ZnCl2 , 0.0062g 
MnCl2, 0.0003g Na2Mo0 4 ,1000ml Reverse osmosis water.
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2.3.2.Solufeed medium
0.92g Solufeed (see Appendix 2 for composition of Solufeed), 0,077g 
Ammonium nitrate, 0.032g Ferric EDTA, 1000ml reverse osmosis water.
2.4.Culture systems
2.4.LBatch culture
Cultures were performed in LH500 series vessels. These 
bioreactors consisted of a 2L vessel with a working volume of 1.5 litres 
with top mounted probes and impeller shaft. The impeller shaft was fitted 
with a pair of Rushton' turbines and the cultures were agitated at 1000 
r.p.m. Air flow in the vessel was set at 1.5v/v and the dissolved oxygen 
tension (DOT) was measured, using a galvanic electrode (Uniprobe, type 
G-2), but not controlled. The pH of the culture was measured using an 
Ingold pH probe. The pH of the system was controlled, in some cultures, 
with the addition of either IM sodium hydroxide or IM hydrochloric acid. 
Foaming in the vessel was controlled with the addition of a small quantity 
of 'Breox FMT30' (Water Management, Gamlen) to the media. Samples 
were taken at regular intervals for dry weight and media component 
analysis. For media component analysis a sample was centrifuged at 
1200g for 10 minutes and the supernatant was stored at -20^C.
2.4.2.Chemostat culture
Chemostat cultures were performed in 21LH500 series vessels, with 
a working volume of 1.21, which was maintained using an overflow pipe. 
The vessels had top mounted probes and impeller shaft. The impeller shaft 
was fitted with a pair of 'Rushton' turbines and the cultures were agitated 
at 1000 r.p.m. Air flow in the vessel was set at 1.5v/v and the dissolved
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oxygen tension was measured, using a galvanic electrode (Uniprobe, type 
G-2), but not controlled. The pH of the culture was measured using an 
Ingold pH probe. The pH of the cultures was maintained by the addition 
of either IM hydrochloric acid or IM  sodium hydroxide. Foaming in the 
vessel was controlled by the addition of ’Breox FMT30' (Water 
Management, Gamlen) to the culture media, prior to sterilisation. Medium 
was prepared in 201 aliquots and was filter sterilised. Medium was 
pumped from the medium reservoir into the vessel using a Masterflex 
pump and the flow rate of the medium was determined at every sample 
point. A steady state was assumed to have been achieved after 3 complete 
volume changes of the vessel and when the biomass concentration had 
reached a constant value. Samples were taken at the beginning and end of 
every steady state and steady states were maintained for 1 volume change 
of the vessel. Samples were used for dry weight determination and 
medium component analysis. For medium component analysis samples 
were centrifuged at 1200g for 10 minutes and the supernatant was stored 
at -20OC.
2.4.3.Analysis of culture samples
2.4.3.l.Blomass concentration determination
Culture, biomass concentration was determined by dry weight 
measurement. This was performed by filtering a set volume of culture 
(10ml) onto a pre-weighed 0.45um filter (Gelman). The filters were then 
washed with three 10ml aliquots of reverse osmosis (RO). The filters 
were then dried in a microwave oven and desiccated for 24 hours before 
weighing.
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2.4.3.2.Niphimycin determination
The concentration of niphimycin in the culture samples was 
determined using a punched plate assay with Fusarium oxysporum as the 
indicator organism. The indicator organism was grown on potato dextrose 
agar (PDA) for 7 days. These plates were washed with sterile RO water 
to give a suspension of conidia, 20ml of this suspension was added to 
molten potato dextrose agar at 45%  and poured into an assay plate. After 
the plates had set they were cooled in a 4®C room for 1 hour after which 
wells were cut into the agar using a cork borer. Samples (lOOul) were 
pipetted into the wells and the plates were incubated at 30°C for 24 to 48 
hours after which any zones that had formed were measured with a pair of 
calhpers.
To each assay plate a set of niphimycin standards, in the range of 5- 
50jug, were added. These were added so that a standard curve could be 
constructed. From this curve the concentration of niphimycin in the 
samples could be calculated.
2.4.3.3.Glucose assay (Trinder, 1969)
The glucose content of the culture samples was assayed using an 
enzymatic assay kit (Sigma kit no. 315-100). The principle of this assay is 
the conversion of glucose, by glucose oxidase, to gluconic acid and 
hydrogen peroxide. The hydrogen peroxide liberated is then converted 
into a quinoneimine dye. The dye, which can be measured by absorbance 
at 505nm, is produced in a 1:1 ratio for glucose. A standard curve is 
constructed using a glucose standard in the range of 0.1 to Igl’S the 
concentration of glucose is calculated from this standard curve.
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2.4.3.4.Nitrate assay (Beutler and Wurst, 1986)
Nitrate concentration was determined using a Boehringer Mannheim 
assay kit (no.905-658). The principle of this assay is the reduction of 
nitrate to nitrite, in the presence of nicotinamide adenine dinucleotide 
phosphate (NADPH), by nitrate reductase. In the reaction NADPH is 
converted to NADP"*” and it is the decrease of NADPH that is measured by 
absorbance.
2.4.3.5.GIutamate assay (Beutler, 1985)
Glutamate concentration was determined using a Boehringer 
Mannheim assay kit (no. 139-092). The principle of this assay is the 
deamination of glutamate to 2-oxoglutarate by nicotinamide adenine 
dinucleotide (NAD) in the presence of glutamate dehydrogenase. During 
the reaction NAD is oxidised to NADH. The NADH is then used in a 
second reaction, catalysed by a diaphorase, to convert iodonitro 
tétrazolium to formazan, which can be measured by absorbance.
2.4.3.6.Protein synthesis rate (Modification of Granozzi et al., 1990)
Protein synthesis rates of the organisms were measured using the
rate at which radiolabelled leucine was incorporated into the organisms 
over a set period of time. To a 15ml aliquot of culture, in a 250ml flask, 
labelled leucine was added and the flask was shaken at 30®C in a shaking 
water bath. At 5 minute intervals a 1ml aliquot was removed fi*om the 
flask and placed in 4ml of 10% trichloroacetic acid (TCA) at 0 % , 
duplicate samples were taken at each sample point. The TCA was used to 
stop the incorporation. Samples were taken for 25 minutes.
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After all the samples had been taken they were passed through glass 
microfibre filters (Whatman GF/F). Filtrates were washed twice with 5ml 
of cold 5% TCA. The filters were allowed to dry and were transferred to 
vials to which 4ml of scintillation fluid (Optiphase Safe, LKB Liquid 
Scintillation Products) was added. The vials were then counted in a 
scintillation counter (Wallac 1410, 'Easy Count' program). From this data 
the rate of leucine incorporation and hence the rate of protein synthesis 
were calculated.
2.5.Greenhouse trials 
2.5.1.Isolation of JS l
Isolates, putatively identified as belonging to the genus 
Streptomyces, were isolated at Shell Research, Sittingboume and were 
evaluated for biocontrol activity in the tomato rhizosphere against the 
pathogen Phytophthora capsici, using the primary screen detailed in 2.5.2. 
For an isolate to successfully pass through the primary screen it had to 
show a 33% control rate over the pathogen. For an isolate to be passed 
onto the secondary screen it must have been passed, successfully, through 
the primary screen in at least 3 out of 4 replicate experiments.
2.5.2.Priinary screen (carried out at of Shell U.K.)
On day 1 (Figure 2.1) the pathogen, as zoospores, were added to the 
rockwool plugs. The zoospore suspension was adjusted to give a 
concentration of 1x10^ cfu mT^  and 1 ml of this suspension was added to 
each plug, 9ml of seedling strength Solufeed was also added to each plug. 
The plugs were then left in the greenhouse for 18 to 24 hours. This
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allowed the pathogens to become established in the plugs before the 
isolates were added.
On day 2 the isolates and the seeds were added to the plugs. The 
isolates, which were grown in liquid culture for 96 hours, were centrifuged 
and resuspended in an equal volume of 1/4 strength Ringers. To each plug 
1ml of test isolate culture was added and 1 seed was placed on the surface. 
The seed was then covered with a small amount of vermiculite.
Each of the isolates were added to a total of 33 rockwool plugs. 
Each pathogen was added to 11 of the 33 plugs. These plugs were used to 
assess the level of control exerted by the isolate on each of the pathogens. 
Neither of the pathogens were added to the remaining 11 plugs. This 
group of plugs was used to determine whether the isolate had any 
phytotoxic effect on the seedling.
The seedlings were left to grow for 11 days in the greenhouse and 
were then assessed for pre- and post-emergence damping off.
Isolate grown up in 
liquid culture
Add Pathogen and 9 mis Solufeed 
 to Rockwool Plug_______
Incubate for 
48hr
Incubate in greenhouse 
for 24 hr
Centrifuged and resuspended I ml of Isolate and Tomato seed
in 1/4 strength .Ringers added to rockwool plugs
Incubate in greenhouse 
for 11 days
Seedlings assessed for pre and 
post emergent damping off
Figure 2.1.Flow diagram of the Shell Primary Screen
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1,53.Phytophthora capsici zoospore production
A plug of P. capsici, eut from the growing edge of a 7 day old plate 
culture, was placed on V8 (200ml of V8 juice, 20gl'‘ agar and 800ml 
reverse osmosis water) and was incubated at 25°C for 4 days in the dark. 
The plates were then transferred into the hght, to encourage the 
development of zoospores, and were then incubated for a further 5 days. 
After incubation the plates were flooded with sterile reverse osmosis water 
and were placed in a 4°C room for 1 hour. The plates were then left at 
room temperature for 1 hour to allow zoospore discharge.
2.5.4.Identification of JSl and JSl products
JSl was identified as a gram positive filamentous bacteriium that 
forms small discrete colonies, on solid media, of 1-10mm in diameter. The 
colonies are initially smooth but develop aerial mycelium. The colonies 
appear grey after sporulation has occurred. JSl was identified as a 
Streptomyces species by the presence of meso-Diamino, 2-6, pimelic acid 
(Staneck et al, 1974) in the cell wall of the organism. The species of JSl 
has not been determined.
The bioactive metabolites of JSl were identified at Shell using a 
combination of antimicrobial biospectrum analysis, thin layer 
chromotography and atomic absorption spectroscopy (details confidential). 
JSl produces an endomyin complex of which Niphimycin was the major 
component, of 5 bioactive compounds (Table 2.1).
The suite of products produced by JSl was similar to the profile of 
products secreted by Streptomyces hygroscopicus var enhygrus, 
NRRL3664, (Johnson and Dietz, 1971) which produces an endomycin 
complex with Scopafungin as its major component. It has been shown that
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Scopafungin and Niphimycin are the same compound (Takesako and 
Beppu, 1984).
Bioactive Compound Activity
Niphimycin Fungicidal
Neoniphimycin Fungicidal
Copiamycin Fungicidal
Neocopiamycin Fungicidal
Elaiophylin Insecticidal and Nematicidal
Guanidyl fimgin Fungicidal
Table 2.1.Bioactive components of the endomycin complex produced by 
JSl
2.5.5.Seedling plate assay
Seedling plate assays were carried out by placing a surface sterilised 
seed into a Petri dish containing seedling strength Solufeed agar, with a 
1% agar content. The seeds were sterilised by soaking the seeds in 
sodium hypochlorite for 5 minutes, any remaining traces of sodium 
hypochlorite were then removed by washing the seeds in sterile distilled 
water. The seeds were germinated in the dark for 4 days at 30% . After 
germination had taken place the roots were inoculated, along their entire 
length, with the test organism. The inoculum for this test was prepared as 
detailed above, though after the second media stage the culture was 
centrifuged at 1200g for 10 minutes and the pellet was resuspended in an 
equal volume of 1/4 strength Ringers. The plates were then reincubated at 
30%  for 4 days, after which the plates were examined for evidence of 
seedling disease.
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3.COMPARISON OF JSl AND S. 
HYGROSCOPICUS PHYSIOLOGY
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3.Compârisoii of JSl and S. hygroscopicus physiology
The physiology of two different Streptomyces hygroscopicus strains 
was compared with JSl. NRRL3664 is a strain of Streptomyces 
hygroscopicus that produces an endomycin complex that contains 
niphimycin as its major component (Johnson and Dietz, 1971, Bergy and 
Hoeksema, 1972). ATTC21705 is a Streptomyces hygroscopicus strain 
that produces the tripeptide herbicide bialaphos, which is produced by 
Meiji Seika. The three S. hygroscopicus strains were compared in carbon, 
nitrogen and glutamate limited culture.
3.1.Basic controlling physiology of S, hygroscopicus variants JSl, 
NRRL3664 and ATTC21705
3.1.1.Carbon limited culture
The three strains displayed similar growth patterns in carbon limited 
culture (Figure 3.1.). After an initial lag phase there were periods of rapid 
growth in all three cultures followed by periods of slower growth. After 
the end of the growth periods there was no stationary phase in any of the 
cultures and the biomass concentrations began to decline. The glucose 
concentrations declined from approximately 20g/l to non-detectable levels 
within the culture medium. In all of the cultures, the onset of biomass 
decline coincided with the exhaustion of the growth limiting substrate 
(glucose), presumably due to cell lysis. The culture nitrate concentrations 
were examined at regular intervals. At none of these times did the nitrate 
concentration within the culture become limiting. The excess of nitrate 
throughout the cultures indicated that the cultures were carbon limited.
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Figure 3.1. Time courses of biomass (■) and niphimycin ( • )  and glucose 
utilisation (o) during (a) NRRL3664, (b) ATTC21705 and (c) JSl carbon 
limited cultures.
Neither NRRL3664 or ATTC21705 produced detectable levels of 
antibiotic under carbon limitation. However, within the JSl culture the 
onset of niphimycin production occurred after 24 hours and continued for 
20 hours.
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Figure 3.2.Growth rate (—) and specific production (--) rates JSl in 
carbon limited batch culture.
58
The onset of antibiotic production coincided with the beginning of 
the period of rapid growth. This indicated that niphimycin was being 
produced as a growth associated product. Analysis of the biomass and 
niphimycin production profiles indicated that the peak specific growth 
rates and production rates occurred at the same time (38 hours) (Figure
3.2.) i.e. that niphimycin, under carbon limitation, was produced as a 
growth associated product. Niphimycin was produced when the glucose 
concentrations within the culture medium was high (19.6g/l). It has been 
shown in other streptomycetes that high glucose concentrations lead to 
high growth rates and that these high growth rates are not favourable to the 
production of secondary metabolites. For example the production of 
erythromycin by S.erythraeus (Escalante et al., 1982) and the production 
of actionmycin (Gallo & Katz, 1972) are both repressed by high growth 
rates. Maximum antibiotic production at high growth rates and glucose 
concentrations has not been specifically reported elsewhere. It has been 
suggested that the initiation of antibiotic biosynthesis is triggered by the 
exhaustion of the growth limiting substrate (Bushell, 1989). The onset of 
niphimycin synthesis occurred with a high glucose concentration within the 
medium. Therefore there must be another trigger for the initiation of 
antibiotic biosynthesis. However, it has been suggested that protein 
synthesis rate acts as the intracellular trigger for secondary metabolism 
(Wilson & Bushell, 1995) and the possibility that this parameter was 
down-regulated despite the relatively high extra-cellular glucose 
concentration will be discussed in section 4.
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3.1.2.Nitrogen limited culture
The time dependent biomass concentration profiles of the nitrogen 
limited cultures of the three S. hygroscopicus strains followed similar 
patterns, with initial lag phases being followed by periods of rapid growth 
(Figure 3.3.).
I
100 120Tme (h)
6
5
4
3
2
10 40 
Trio (h)
20 GO 80
30 EÎI
Tme(h}
Figure 3.3. Time courses of biomass (■) and niphimycin (#)during (a) 
NRRL3664, (b) ATTC21705 and (c) JSl nitrogen limited cultures.
After periods of rapid growth each of the cultures entered stationary 
phase. ATTC21705 did not produce any detectable bialaphos in the 
culture. However, both NRRL3664 and JSl produced niphimycin, under 
nitrogen limitation. The production of niphimycin in the NRRL3664 
culture began after 33 hours and after 20 hours in the JSl culture. In both 
of these cases the onset of niphimycin production coincided with the 
beginning of the rapid growth phase.
The nitrate and glucose profiles for the three cultures were similar 
(Figure 3.4.). The nitrate concentration within the cultures fell Jfrom 
approximately 1.2g/l to non-detectable levels within all of the three
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cultures. Again in all of the cultures the concentration of glucose did not 
become exhausted. The abundance of glucose throughout the cultures 
confirmed that nitrate was the growth limiting substrate in all of the 
cultures. In the NRRL3664 and JSl cultures the nitrate concentrations at 
the onset of niphimycin production were 1.24 and 0.9g/l respectively. The 
excess of nitrate available at the initiation of niphimycin production 
demonstrated that antibiotic synthesis was not induced by the exhaustion 
of the growth limiting substrate.
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Figure 3.4. Time courses of glucose (■) and nitrate utilisation (o) during 
(a) NRRL3664, (b) ATTC21705 and (c) JSl nitrogen limited cultures.
The growth rate and specific production rate profiles of NRRL3664 
and JSl (Figure 3.5.) showed that niphimycin was produced as a growth 
associated product under nitrogen limitation. The peak specific production 
rate of NRRL3664 was achieved after 35 hours and the maximum growth 
rate was achieved after 39 hours. The incidence of peak specific 
production rate before maximum growth rate indicates that niphimycin was 
being produced as a highly growth associated or growth pre-emptive 
product. This pattern of production was observed for JSl with peak
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specific production rate occurring after 26 hours and maximum growth rate 
occurred after 32 hours. Again this indicated that niphimycin was being 
produced as a highly growth associated or growth pre-emptive product 
under nitrogen limited conditions.
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Figure 3.5.Growth rate (—) and specific production (—) rates of (a) 
NRRL3664 and (b) JSl in nitrogen limited batch culture.
3.1.3.Glutamate limited batch culture
The growth profiles for ATTC21705 and NRRL3664 are similar 
with short lag phases being followed by periods of rapid growth (Figure
3.6.).
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Figure 3.6. Profiles of biomass (■) and antibiotic concentration (o) during 
(a) NREL3664, (b) ATTC21705 and (c) JSl glutamate limited cultures.
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After the growth phase had ceased cell lysis occurred with no 
intervening stationary phase. Both of the organisms produced their 
bioactive compounds but with differing production profiles. The onset of 
niphimycin production, in NRRL3664, occurred after 11 hours which 
comcided with the onset of rapid growth. This implied that niphimycin 
was being produced as a growth associated product. However, in the 
case of ATTC21705 bialaphos was produced late in the rapid growth 
phase of the organism and this suggested that bialaphos was being 
produced as a non-growth associated product. JSl had a longer lag phase 
followed by a period of linear growth. After growth had ceased cell lysis 
occurred without a stationary phase. The onset of niphimycin production 
began after 21 hours which coincided with the rapid growth phase of the 
organism. This implied that JSl produced niphimycin as a growth 
associated product under glutamate limitation.
The glutamate and nitrate concentrations within the culture media 
had similar profiles (Figure 3.7.).
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Figure 3.7. Profiles of glutamate (■) and nitrate (o) utilisation during (a) 
NRRL3664, (b) ATTC21705 and (c) JSl glutamate limited cultures.
63
The glutamate concentrations within the culture media declined 
from 3g/l to non-detectable levels within all of the cultures. Glutamate 
was the sole carbon source within the cultures and once this was 
exhausted cell lysis occurred. The levels of nitrate within the culture 
media remained constant throughout the cultures. This indicated that not 
only was the glutamate the sole carbon source within the media but it was 
also fulfilling the organisms nitrogen requirements. The presence of 
excess nitrogen throughout the cultures implied that the glutamate limited 
cultures were carbon rather than nitrogen limited. The production of either 
niphimycin or bialaphos occurred when the growth limiting substrate, 
glutamate, was in excess and therefore, the initiation of antibiotic 
biosynthesis was not dependent upon exhaustion of the growth limiting 
substrate.
ê »'
J  0 0»
 ^004
TÎB» (h) T -» (k )
Figure 3.8.Growth rate (—) and specific production (--) rates of (a) 
NRRL3664 (b) ATTC21705 and (c) JSl in glutamate limited batch culture
From the growth and production rate profiles (Figure 3.8.) it could 
be seen that for the two niphimycin producing organisms, NRRL3664 and 
JSl, the maximum growth rate and peak specific production rates
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coincided. This confirmed that both JSl and NRRL3664 produced 
niphimycin with growth associated production kinetics under glutamate 
limitation. However, in the glutamate limited culture of ATTC21705 the 
maximum growth rate of the culture preceded the peak specific production 
rate. This non-growth associated production is more typical of a 
secondary metabolite (Bu’Lock et al.^ 1965).
3.1.4.Summary of production kinetics
The three S. hygroscopicus strains could be classified into two 
groups depending upon the production kinetics that they displayed. 
ATTC21705 did not produce bialaphos in either the carbon or nitrogen 
limited batch cultures. Bialaphos was produced with non-growth 
associated production kinetics under glutamate limitation, the use of amino 
acids as the carbon source has been shown, in general, to enhance the 
antibiotic production if a culture (Bushell, 1989). Glutamate has been 
demonstrated to be a good source of nitrogen for the production of 
antibiotics in Streptomyces lividans (Sarra et ai, 1993). The production 
of bialaphos with non-growth associated production kinetics displayed the 
standard pattern of secondary metabolism. This pattern of secondary 
metabolite production has the growth phase or trophophase, being 
followed by idiophase where the secondary metabolites, or idiolites, are 
produced (Bu’Lock et aL, 1965). However this pattern of secondary 
metabolite production was not followed by either of the other two 
organisms. Both NRRL3664 and JSl displayed growth associated 
production kinetics under all nutrient limitations. However, NRRL3664 
did not produce niphimycin under carbon limited conditions. It has been 
shown, however, that it is possible to switch jfrom non-growth to growth
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associated production kinetics by changing the medium in which the 
organism is grown from a complex to a defined medium. This has been 
demonstrated in the production of bacitracin by Bacillus lichenformis 
(Haavik, 1974a and 1974b), penicillin by Pénicillium chrysogenum (Pirt 
and Righelato, 1967) and chloramphenicol by Streptomyces venezuelae 
(Malik and Vining, 1970). It has been suggested by Martin and Demain 
(1980), that the loss of definition between trophophase and idiophase is 
due to the slower growth rates supported in the defined media compared to 
those in complex media.
The initiation of antibiotic biosynthesis in the cultures performed 
with the three S. hygroscopicus did not occur due to depletion of the 
growth limiting substrate. Exhaustion of the growth rate limiting substrate 
leads the a downshift in the growth rate of the organism, this downshift has 
been suggested as a trigger for antibiotic production (Bushell, 1989). The 
production of antibiotic as a response to growth rate decay following 
nutrient depletion is well established. The production of actinomycin 
(Gallo and Katz, 1972) and the production of erythromycin (Escalante et 
aL, 1982) are initiated by a decay in the growth rate caused by carbon 
source depletion. Similar effects have been observed with nitrogen source 
depletion. The production of tylosin (Tanaka et aL, 1986), cephamycin 
(Castro et a/.,. 1985) and erythromycin (Flores and Sanchez, 1985) are all 
repressed by the presence of excess ammonium.
The production of niphimycin by NRRL3664 and JSl in all 
producing cultures was not initiated by a decrease in the specific growth 
rate of the organism, which has been established as a trigger for antibiotic 
production (Bu’Lock, 1975) and has been demonstrated by Potvin and 
Peringer (1994) and DeWitt et aL, (1989). However, it has been shown
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that measurement of the dry weight of a culture may not be the best way to 
measure the growth of an organism and that a better indicator of true cell 
growth is the level of DNA in the cell (Martin and McDaniel, 1975). The 
use of macromolecular synthesis rates as indicators of antibiotic synthesis 
has been examined in our laboratory and the decrease in protein syntliesis 
rate of the organism has been shown to be correlated with the onset of 
antibiotic synthesis (Wilson and Bushell, 1995). The relationship between 
the production kinetics and protein synthesis rates of JSl under varying 
nutrient limitations is discussed in Section 4.
3.2.Effect of pH on the growth and production of JSl and NRRL3664
As has been discussed in the previous section (3.1.) the effect of 
varying nutrient limitations upon JSl and NRRL3664 affect the physiology 
of the organisms in differing ways. Another parameter affecting the 
growth and production kinetics of the organism may be the pH of the 
surrounding environment. It has been shown with other Streptomycetes 
that the pH of the culture medium has an effect on the concentrations of 
biomass and antibiotic produced. Work by Glazebrook and Vming (1992) 
with Streptomyces akiyoshiensis demonstrated that between pH 5.5 and 
pH 7.5 the higher the pH the greater the biomass concentration and the 
higher the growth rate. Further work by James et aL, (1991) with 
Streptomyces thermoviolaceus had shown that high biomass 
concentrations, but low production levels were achieved between pH 5.5- 
6.0 whereas low biomass concentrations and high antibiotic titres were 
achieved between pH 7.0-7.5. The effect of pH on the growth rate and 
specific production rate of JSl was compared with NRRL3664, which had 
been shown to be physiologically similar to JSl under varying nutrient
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limitation, in batch cultures at pHs 6.0, 7.0 and 8.0. The growth rates and 
specific production rates of the cultures were obtained using partial cubic 
spline interpolation (McDermott et aL, 1993).
3.2.1.Glutamate limited batch culture at pH 6.0.
The growth profiles of JSl and NRRL3664 were similar with lag 
phases being followed by periods of rapid growth (Figure 3.9.). As had 
been observed in previous cultures there was no stationary phase but as 
soon as the growth period had ended cell lysis began. Niphimycin was 
produced in both of the cultures. Biosynthesis began after 15 and 18 houi s 
in the NRRL3664 and JSl cultures respectively. In both of these cultures 
the onset of niphimycin biosynthesis coincided with the beginning of the 
rapid growth phase of the organisms indicating that niphimycin was being
produced as a growth associated product.
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Figure 3.9. Profiles of biomass (“ ) and niphimycin (o) concentration during 
(a) NRRL3664, (b) JSl glutamate limited cultures at pH 6.0.
The maximum growth rate achieved in the NRRL3664 culture was 
0.048h‘  ^ and the peak specific production rate was 1.51mg/g biomass/h 
both of these occurred 17 hours into the culture. The maximum growth 
rate achieved in the JSl culture was 0.027h'^ and the peak specific 
production rate was l.lm g/g biomass/h both of growth parameters
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occurred after 27 hours. In both of these cultures the maximum specific 
growth rate and peak production rates occurred at the same time which 
confirmed that niphimycin was being produced as a growth associated 
product in pH 6.0 glutamate limited batch culture.
3.2.2.Glutamate limited batch culture at pH 7.0
The biomass profiles of NRRL3664 (Figure 3.10.) show that there 
was a long lag phase followed by a short period of rapid growth. JSl had 
a short lag phase followed by a longer period of linear growth (Figure 
3.10.). Niphimycin was produced in both of the cultures. Niphimycin 
biosynthesis occurred after 37 hours in the NRRL3664 batch culture and 
after 10 hours in the JSl batch culture. In both of these cases the initiation 
of antibiotic biosynthesis coincided with the onset of growth indicating 
that niphimycin was being produced as a growth associated product.
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Figure 3.10. Profiles of biomass (■) and lûphhnycin (o) concentration 
during (a) NRRL3664, (b) JSl glutamate limited cultures at pH 7.0.
The maximum growth rate and peak specific production rates 
achieved within the NRRL3664 culture were 0.054h"^ and 1.19mg/g 
biomass/h respectively. Both the maximum growth rate and pealc specific 
production rates were achieved after 40 hours confirming that at pH 7,0 
NRRL3664 was producing niphimycin as a growth associated product.
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The maximum growth rate and peak specific production rates achieved in 
the JSl culture were 0.039h"  ^ and 0.52mg/g biomass/h respectively. Again 
this confirmed that JSl also produced niphimycin as a growth associated 
product in glutamate batch culture at pH 7.0.
3.2.3.Glutamate limited batch culture at pH 8.0.
The two cultures had similar biomass profiles with long lag phases 
being followed by periods of rapid growth. Again as has been observed in 
all glutamate cultures there was no stationary phase, but as soon as growth 
had ceased biomass decline occurred (Figure 3.11.).
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Figure 3.11. Profiles of biomass (■) and niphimycin (o) concentration 
during (a) NRRL3664, (b) JSl glutamate limited cultures at pH 8.0,
Niphimycin was produced in both of the cultures. Production was 
initiated after 46 hours in the NRRL3664 culture and after 40 hours in the 
JSl batch culture. Within the NRRL3664 and JSl cultures rapid growth 
had occurred after 37 and 30 hours respectively. The difference between 
the onset of rapid growth and antibiotic initiation indicated that niphimycin 
was being produced as a non-growth associated product. The production 
of niphimycin as a non-growth associated product by both NRFX3664 and 
JSl in glutamate limited batch at pH 8.0 was confirmed by examination of 
the growth and production rates of the cultures. The maximum growth rate
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and specific production rates by NRRL3664 were 0.61h’  ^ and 0.86 mg/g 
biomass/h respectively. The maximum growth rate occurred after 40 hours 
and this preceded the peak specific production rate which occurred after 
48 hours, A similar set of culture parameters were observed in the JSl 
cultures with a maximum growth rate of 0.62h-l and a peak specific 
production rate of 0.41 mg/g biomass/h these occurred after 33 and 61 
hours respectively. The occurrence of maximum growth rate before the 
peak specific production rates within the two cultures demonstrated 
niphimycin was being produced as a non-growth associated product in 
glutamate limited batch culture at pH 8.0. This pattern of antibiotic 
production follows the standard pattern of secondary metabolite 
production that was proposed by Bu’Lock et aL, 1965, with the growth 
phase of the organisms being followed by a production phase.
3.2.4.Summary of the effect of pH on the growth and production 
kinetics of JSl and NRRL3664 in glutamate limited batch
An inverse relationship was obtained between the effect of pH on 
growth rate and antibiotic production rate in JSl and NRRL 3664 (Figure 
3.12). The efiect of pH on the growth rate and production rate by 
Streptomyces has examined by other workers. Wong and Griffin, (1974), 
observed in Streptomyces and Bruehl et aL, (1972), in Cephalosporium 
gramineum that maximum antibiotic titres were achieved at low growth 
rates. Glazebrook and Vining, (1992), showed that in Streptomyces 
akiyoshiensis between the pH 5.5 to pH 7.5 that as the pH rose so did the 
concentration of biomass produced and the corresponding growth rate also 
increased. James et aL, (1991), with Streptomyces thermoviolaceus, over
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a pH range of 5.5-7.5, reported that at low pH there was high biomass 
levels but low antibiotic titres and that at higher pH the reverse was true.
Specific growth rate (/h)
growth rate JS1 
growth rate 3664
Specific production rate (mg/g*i)
Bprodnrate JSl 
apro<*i rate 3664
Figure 3.12.Efiect of pH on the growth rate and specific production rates 
seen in JSl and NRRL3664 under glutamate limitation.
The production kinetics of niphimycin were similar for both JSl and 
NRRL3664. Both JSl and NRRL3664 produced niphimycin with growth 
associated production kinetics in glutamate limited batch culture at pH 6.0 
and pH 7.0. However, both JSl and NRRL3664 produced niphimycin 
with non-growth associated production kinetics in glutamate limited batch 
culture at pH 8.0 (Table 3.1.).
JSl NRRL3664
pH 6.0 growth associated growth associated
pH 7.0 growth associated growth associated
pH 8.0 non-growth associated non-growth associated
Table 3.1.Production kinetics of JSl and NRRL3664 in glutamate limited 
batch culture at varying pHs
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The shift fi-om growth associated to non-growth associated 
production may be a function of the growth rate of the organism. Once a 
critical growth rate has been exceeded, the metabolic resources of the 
organism may be given over to the production of energy and the building 
blocks for cellular growth. Thus there would be no spare energy or 
nutrients for the production of secondary metabohtes. The production of 
secondary metabolites in this case would conform to tlie classic view that 
antibiotics are produced when the specific growth rate decreases below a 
threshold level (Bu'Lock, 1974).
To examine the relationship between growth rate and specific 
production rate, chemostat culture should be performed with both 
NRRL3664 and JSl. This would allow a range of specific growth rates to 
be examined at varying pHs. Chemostat culture was performed with 
NEJRL3664. Four steady states at pH 7.0 with growth rates ranging 
between 0.105 to 0.025h-l were studied. There was no niphimycin 
detected at any stage within the chemostat culture (Appendix 1.). 
Therefore there must be some trigger, of antibiotic synthesis, that occurs in 
batch culture that is not present in chemostat culture. One candidate as a 
trigger of antibiotic synthesis is the protein synthesis rate of the culture. It 
has been suggested that downshift in the protein synthesis rate of a culture 
acts as a global signal for the synthesis of secondary metabolites (Wilson 
& Bushell, 1995). In a chemostat the organism experiences a constant 
growth rate and therefore requires a constant protein synthesis rate to 
produce all the proteins the organism requires for growth. Thus at no time 
within the culture would there be a downshift in the protein synthesis rate 
and therefore antibiotic synthesis would not be initiated. The relationship
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between antibiotic production in JSl and protein synthesis rate is 
discussed in Section 4.
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4.Controlling physiology of secondary 
metabolite production
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4.Controlling physiology of secondary metabolite production
In the previous section it has been demonstrated that varying culture 
conditions can affect the production kinetics displayed by JSl and 
NRRL3664. In all three nutrient limitations studied, carbon, nitrogen and 
glutamate, JSl has produced niphimycin with growth associated kinetics 
(Section 3.1.). The model strain, NRRL3664, failed to produce niphimycin in 
carbon limited conditions but exhibited growth associated production kinetics 
in both nitrogen and glutamate limited conditions. Another parameter that 
was studied was the effect of pH on the production kinetics displayed by the 
two organisms (Section 3.2.) in glutamate limited batch culture. At pH 8.0 
niphimycin was produced by both JSl and NRRL3664 with non-growth 
associated production kinetics. These production kinetics varied to those 
observed at pH 6.0 and 7.0 where niphimycin was produced with growth 
associated production kinetics.
However, the production kinetics of JSl were at variance with those 
exliibited by Saccharopolyspora erythraea, which had been extensively 
studied within the Microbial Physiology Group. Both JSl and S, erythraea 
exhibited growth associated production Idnetics under nitrogen limitation. 
However, under carbon limitation S. erythraea exhibits non-growth 
associated production kinetics (McDermott et al., 1993) compared to the 
growth associated production kinetics displayed in the production of 
niphimycin by JSl.
As nutrient limitation elicits characteristic qualitative and quantitative 
responses in microorganisms the question arises as to the mechanism 
whereby cells can sense their extracellular nutrient environment. Presumably 
the rate of substrate entry into the cell and its subsequent effect on
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macromolecular synthesis rate is directly dependant on extracellular nutrient 
concentration and, therefore, constitutes an appropriate sensing mechanism. 
It was estabhshed by Martin and Demain (1980) that there was a link 
between growth rate and secondary metabolism, this has been confirmed by 
work performed by Lilley et aL, (1981) and Bushell (1989).
The estimation of biomass through the levels of intracellular DNA, 
RNA and protein levels have been well established, and it has been argued 
that levels of intracellular DNA are a truer measurement of an organism's 
growth than biomass, Martin and McDaniel, (1975). Links between growth 
rate and intracellular DNA, RNA and protein content have been demonstrated 
by Herbert (1961) and Kummer and Kretschmer (1986). Work performed in 
this laboratory has examined all three of these macromolecules as indicators 
for the onset of antibiotic production, Wilson (1994), and has demonstrated 
that protein synthesis rates provide a better representation indicator of true 
physiological growth rate than DNA or RNA synthesis rates.
4.1.Protein synthesis rates as markers for antibiotic production
In the following set of experiments the protein synthesis profiles of JSl 
and S. erythraea were studied under carbon and nitrogen limitation and the 
protein synthesis rate of JSl in glutamate limited batch culture at varying pHs 
were studied. , The rate of protein synthesis was then compared to the 
niphimycin production kinetics displayed.
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4.1.1.Carbon limited batch culture.
The growth of JSl in a carbon limited culture (Figure 4.1) had a long 
lag phase followed by a period of rapid growth. As had been observed in 
other carbon limited cultures there was no stationary phase and after 
maximum growth had been achieved the level of biomass began to decline as 
cell lysis occurred. The production of niphimycin occurred after 50 hours 
(Figure 4.1) and this coincided with the onset of the rapid growth phase of the 
culture. The production of niphimycin occurred exclusively within the rapid 
growth phase of the organism and production terminated before maximum 
biomass was achieved. The onset of production aud growth at the same time 
indicates that niphimycin is being produced as a growth associated product. 
The biomass profile for S. erythraea was similar with a lag phase being 
followed by a period of rapid growth (Figure 4.1).
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Figure 4.1.Biomass (■ ) and antibiotic (o) concentration during (a) JSl and (b) 
S. erythraea carbon limited cultures.
A short stationary phase was proceeded by the decline phase of the 
culture. The initiation of erythromycin biosynthesis occurred after 46 hours 
whereas the rapid growth phase of the culture commenced after 32 hours. 
This implied that erythromycin was being produced as a non-growth 
associated product. The difference in the production kinetics of the two 
organisms was confirmed by calculation of the maximum growth rates and
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peak specific production rates of the two organisms. The profiles of the 
specific growth rate and production rates of JSl showed that peak growth 
rate occurred after 66 hours and peak specific production rate occurred after 
58 hours (Figure 4.2). The occurrence of peak specific production rate 
before maximum growth rate confirmed that niphimycin was being produced, 
by JSl, as a highly growth associated or growth pre-emptive product in 
carbon limited batch culture.
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Figure 4.2. Specific growth (—) and production (--) rates of (a) JSl and (b) S. 
erythraea in carbon limited batch culture
The profiles of the peak specific production rate and maximum growth 
rate for S. erythraea showed that maximum growth rate occurred after 37 
hours which was 12 hours before peak specific production rate was achieved. 
The occurrence of maximum growth rate before peak specific production rate 
confirmed that S. erythraea was producing erythromycin with non-growth 
associated production kinetics in carbon limited batch culture.
The protein synthesis profile for JSl showed that the protein synthesis 
rate increased during the lag phase and early within the growth phase, but 
then declined sharply as growth proceeded (Figure 4.3). The peak protein 
synthesis rate for JSl was achieved after 50 hours, this was also the point at 
which the onset of growth and niphimycin production occurred.
79
0.02 0,06
■0-0 0.05
0.015
0.04
0.01 0.03
0 .0 2 ^
0.005
0.01
0100
Figure 4.3.Antibiotic concentration (o) and protein synthesis rate (•)o f (a) JSl 
and (b) S. erythraea in carbon limited culture.
The profile showed that there was no antibiotic production until the 
protein synthesis rate had begun to decline. The protein synthesis rate profile 
for S. erythraea showed that the protein synthesis rate increased during the 
lag phase of the culture and peaked after 36 hours. The protein synthesis rate 
peaked just after the onset of the rapid growth phase of the culture. 
Throughout the rest of the culture the protein synthesis rate declined. Again 
erythromycin was not produced until after the protein synthesis rate had 
begun to decline.
The results from the carbon limited batch cultures of JSl and S. 
erythraea were consistent with the hypothesis that a downshift in the protein 
synthesis rate acts as a trigger for the induction of the secondary metabolic 
pathways and the production of secondary metabolites.
4.1.2.Nitrogen limited batch culture
The biomass profile of JSl in nitrogen limited batch culture was similar 
to that observed in carbon hmited batch culture. With an initial lag phase 
which was followed by a period of rapid growth. In the nitrogen limited 
culture the growth phase was followed by a stationary phase (Figure 4.4). 
The production of niphimycin occurred 70 hours into the culture. This was
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also the point at which the onset of exponential phase occurred, which 
indicated that niphimycin was being produced in a growth associated manner. 
The niphimycin titre increased throughout the growth phase of the organism 
and a small increase was observed in the stationary phase.
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Figure 4.4. Biomass (■) and antibiotic (o) concentration during (a) JSl and 
(b) S. erythraea nitrogen limited cultures.
The biomass profile of S. erythraea was similar to that of JSl with an 
initial lag phase which was followed by a period of rapid growth and then 
stationary phase. The initiation of erythromycin production occurred after 48 
hours which coincided with the beginning of the rapid growth phase of the 
culture (Figure 4.4.). This indicated that erythromycin was being produced as 
a growth associated product.
The profiles of the specific growth rate and specific production rate for 
JSl showed that maximum growth rate was achieved after 80 hours and that 
the specific production rate peaked after 80 hours (Figure 4.5.). This 
confirmed that niphimycin was being produced in a growth associated 
manner. The specific growth and production rates of S. erythraea confirmed 
that under nitrogen limited conditions erythromycin was being produced as a 
growth associated product. This was demonstrated by the occurrence of the 
peak specific production rate before the maximum growth rate of the culture.
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The maximum growth rate of the culture was achieved after 60 hours and the 
peak production rate was achieved after 56 hours.
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Figure 4.5. Specific growth (—) and production (—) rates of (a) JSl and (b) S. 
erythraea in nitrogen limited batch culture
The profile of the protein synthesis rate of JSl throughout the culture 
showed that the rate increased slightly during early and mid-lag phase and 
then increased rapidly to its maximum rate after 69 hours (Figure 4.6). The 
rate of protein synthesis declined sharply during the growth phase of the 
culture.
0.2 0.03
0.025
0.15
0.1 0,015
0.01
0.05
0.005
0& 0100
T1ma(h) Tlme(h)
Figure 4.6. Antibiotic concentration (o) and protein synthesis rate ( • )  of (a) 
JSl and (b) S. erythraea in nitrogen limited batch culture.
The protein synthesis profile of S. erythraea showed that the protein 
synthesis rate increased throughout the lag phase and the early part of the 
rapid grovyth phase of the culture (Figure 4.6.). Maximum protein synthesis 
rate was achieved after 48 hours. The protein synthesis rate then declined 
throughout the rest of the culture. The onset of erythromycin production did 
not occur until 48 hours had elapsed and the rate of protein synthesis had
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started to decline. This provided evidence, as in the case of carbon 
limitation, that a downshift in the protein synthesis rate may be necessary 
before antibiotic production is initiated (Wilson, 1994).
4.1.3.Glutamate limited batch culture at pH 6.0
The biomass profile of JSl was consistent with all other glutamate 
limited cultures with a lag phase followed by a period of rapid growth (Figure 
4.7). There was no stationary phase and cell lysis began after the maximum 
biomass concentration had been achieved.
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Figure 4.7. Time courses of biomass concentration ("), protein synthesis rate 
( • )  and niphimycin concentration (o) of JSl during glutamate limited batch at 
pH 6.0
Niphimycin production began after 18 hours which coincided with the 
onset of the rapid growth phase of the organism, indicating that niphimycin 
was being produced as a growth associated product. Both the maximum 
growth rate and peak specific production rate occurred after 27 hours. The 
incidence of maximum growth rate and peak specific production confirmed 
that niphimycin was being produced as a growth associated product. The 
protein synthesis rate of the organism rose throughout the lag phase of the 
organism and peaked early in the rapid growth phase. The protein synthesis
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rate of the culture started to decline after 18 hours which coincided with the 
initiation of antibiotic biosynthesis. As in the carbon and nitrogen limited 
batch cultures downshift in the protein synthesis rate was a good indicator of 
the initiation of antibiotic synthesis.
4.1.4.Glutamate limited batch culture at pH 8.0
A lag phase in the culture was proceeded by a period of rapid growth 
(Figure 4.8.).
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Figure 4.8. Time courses of biomass concentration (■ ), protein synthesis rate 
( • )  and niphimycin concentration (o) of JSl during glutamate limited batch at 
pH 8.0
Again, as had been observed in all previous glutamate cultures there 
was no stationary phase and cell lysis began as soon as growth had ceased. 
Niphimycin biosynthesis was initiated after 40 hours which was after the 
onset of the rapid growth phase which began after 30 hours. This indicated 
that niphimycin was being produced as a non-growth associated product. 
This was confirmed upon calculation of the maximum specific growth rate 
and peak specific production rate. Maximum growth rate occurred after 33 
hours and peak specific production rate occurred after 61 hours. The 
occurrence of maximum growth rate before peak specific production rate
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confirmed that niphimycin was being produced as a non-growth associated 
product in glutamate limited batch culture at pH 8.0.
The protein synthesis rate profile showed that the protein synthesis rate 
rose gradually throughout the lag phase of the organism and then increased 
rapidly towards the end of the lag phase and into the middle of the rapid 
growth phase. Maximum protein synthesis rates were achieved after 40 
hours and the rate of protein synthesis declined throughout the rest of the 
culture. Niphimycin biosynthesis was not induced until the rate of protein 
synthesis began to decline which occurred after 40 hours. Again this 
provided evidence that the induction of the antibiotic biosynthetic pathways 
was induced by a downshift in the protein synthesis rates.
4.2. Summary of the relationship between protein synthesis rates and 
niphimycin production in JSl
In all of the cultures examined the initiation of secondary metabolite 
production did not occur until after the protein synthesis rate had begun to 
decline. This is consistent with observations reported by Wilson and Bushell 
(1995) in which antibiotic synthesis in Saccharopolyspora erythraea and 
Streptomyces hygroscopicus was not initiated until protein synthesis rates had 
declined.
Within the two glutamate batch cultures JSl produced niphimycin with 
different production kinetics. Niphimycin was produced with growth 
associated production kinetics in batch culture at pH 6.0 and with non-growth 
associated production kinetics at pH 8.0. This was reflected m the protein 
synthesis rate profiles of the two batch cultures. In the glutamate batch 
culture performed at pH 6.0 protein synthesis rate peaked after 18 hours. 
This was at the beginning of the rapid growth phase of the organism. The
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protein synthesis rate of the culture then declined and the downshift in protein 
synthesis rate induced the antibiotic biosynthesis pathways presumably by 
activation of the global regulator genes described by Chater and Bibb (1995). 
As the activation of the biosynthetic pathways occurred at the beginning of 
the rapid growth phase niphimycin was produced with growth associated 
kinetics.
However, in the glutamate limited batch culture performed at pH 8.0 
the protein synthesis rate peaked after 40 hours this was 10 hours after the 
initiation of the rapid growth phase of the organism. Once the downshift in 
protein synthesis rate had occurred the antibiotic biosynthetic pathways were 
induced and antibiotic biosynthesis was initiated. However, as the downshift 
of protein synthesis rate did not occur until late in the growth phase the 
organism displayed non-growth associated production kinetics.
The results from the carbon and nitrogen limited batch cultures also 
demonstrated that antibiotic synthesis was not initiated until a downshift in 
the protein synthesis rate had occurred. The results obtained were consistent 
with those reported by Wilson and Bushell (1995). Again the peak protein 
synthesis rates occurred at differing points within the carbon and nitrogen 
limited batch cultures of S. erythraea. In carbon limited batch culture the 
protein synthesis rate did not peak until the middle of the rapid growth phase 
of the organism and in nitrogen limited batch culture the protein synthesis rate 
peaked at the onset of the rapid growth phase.
This difference in the point at which protein downshift occurred 
influences the type of production kinetics observed. An early downshift in 
the protein synthesis rate initiates the biosynthesis of secondary metabolites 
early in the growth phase causing the organism to display growth associated
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production kinetics, as was observed in nitrogen limited batch culture of S. 
erythraea. However, a late downshift in the protem synthesis rate of the 
organism leads to the initiation of antibiotic biosynthesis occurring late in the 
growth phase of the organism causing non-growth associated production 
kinetics to be displayed. These were the production kinetics that were 
displayed by S. erythraea in carbon limited batch culture.
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S.l.Determination of substrate affinities in JSl and S» erythraea
As has been discussed in the previous section, culture conditions, 
especially identity of growth limiting nutrients influence production kinetics 
significantly. However, these effects are not consistent between species. The 
production of secondary metabolites in a non-growth associated manner, 
under carbon limitation, has been demonstrated in other streptomycetes, the 
production of tylosin by S. fradiae (Gray and Bhuwapathanapun, 1980), and 
the production of cephamycin C by S. cattleya (Lilley et al., 1981). The 
production of secondary metabolites, under carbon limitation, in a growth 
associated manner has also been demonstrated in Streptomycete sp. the 
production of actinorhodin by S. coelicolor, (Ozergin-Ulgen and Mavituna, 
1993). These species-specific differences suggested that there must have 
been some other medium linked parameter that was affecting the physiology 
of the organisms. One possibility was the magnitude of the substrate affinity 
between each of these organisms and the appropriate limiting nutrient. This 
can be quantified by determining the value of the Monod saturation constant, 
K§ (Pirt, 1975). The lower the value of the constant, the higher the affinity
the organism has for that nutrient.
S. erythraea has a low saturation constant and therefore a high affinity 
for glucose, this enables the organism to be capable of maintaining a high 
growth rate until the level of glucose, in the system, declines to a very low 
level. Thus there would be sufficient energy, within the cell, for all cellular 
processes and the protein synthesis rate would not become affected until the 
carbon level had fallen sufficiently. This would allow a long period of grovWh 
before insufficient carbon levels caused the intracellular processes to operate 
at sub-maximal rates, causing a downshift in protein synthesis and the
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initiation of secondary metabolism. The activation of secondary metabolism 
after a long period of growth would cause the production of secondary 
metabolites to occur in late log phase, or stationary phase and for the specific 
production rate to occur after the specific growth rate, hence non-growth 
associated production.
By contrast S. coelicolor has a higher Kg value and, consequently, a
lower affinity, than S. erythraea. Hence a smaller drop in the growth limiting 
substrate concentration would be enough to cause the intracellular processes 
to perform at sub-maximal rates. Thus the protein synthesis rate would 
downshift causing the initiation of secondary metabolism. As only a short 
period of unrestricted growth would occur the secondary metabolite would be 
produced in early log phase and the specific growth rate and production rate 
would coincide. This would give rise to growth associated production.
The following experiments were, therefore, devised to determine the 
saturation constants of S. erythraea and JSl for both glucose and nitrate. If 
saturation constants are a good indication of the type of production kinetics 
that the organism will exhibit under nutrient limitation then the saturation 
constant (Kg) of JSl for glucose should be higher than that of S. erythraea,
but the similar to the substrate affinity of JSl for nitrate as JSl has the samB 
production kinetics under both nutrient limitations. The saturation constant of 
S. erythraea for nitrate, however, should be higher than that for glucose, as S. 
erythraea has different production kinetics depending upon the nutrient 
limitation the organism is placed under.
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5.2.Determinatîon of the saturation constants of JSl and S. erythraea for 
glucose and nitrate.
5.2.1.Methods of determination of saturation constants (Kg)
There are several methods for the determination of K§ values. All of
the methods rely upon making accurate determinations of growth parameters 
such as growth rate, biomass or substrate concentrations and calculating the 
Kg constant from Monod's equations. The Kg constants have been 
determined for several nutrients in a few organisms in the following ways :
1) One of the common methods of determination is to measure the 
initial growth rate and substrate concentration in several batch runs, 
varying the initial substrate level in each of the cultures. A plot of l/p  
against 1/S is drawn and the Pmax ^nd Kg can de determined, 1/pmax 
being the Y axis intercept and -1/Kg being the X axis intercept.
2)Measurement of Kg using the chemostat method of Dean and Rogers
(1967). In this method the dilution rate and biomass of the culture are 
measured at varying concentrations of the growth limiting substrate, in 
the medium feed. The Kg and Pmax can then be calculated from the 
following equation :
X = Y(Si* - KgD) / (Pmax “ D) 
where X is the concentration of cells, Y is the yield of cells from the 
growth limiting substrate, Sj* is the concentration of the growth limiting
substrate in the medium feed and D is the dilution rate of the culture.
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3)Measurement of Kg using the chemostat method of Button (1969). 
In this method the value of Kg is determined at steady state. At steady 
state the growth rate (p) equals the dilution rate (D) and thus the D can 
be substituted for p in the Monod equation. Rearranging you get :
^ s  “  S(Pmax ~ D) / D 
To obtain Kg the substrate concentration is determined over several
dilution rates. This method relies on the accurate determination of the 
substrate concentration in samples taken from the culture. An ideal 
situation would be to determine the concentration of the substrate in 
situ. This has been done using oxygen probes to determine the Kg
values for oxygen in Candida utilis by Johnson (1967).
All of the above methods for the determination of Kg were beyond the 
scope of this 3 year investigation, as for each determination either several 
batch cultures or several steady states would have been required. It was 
decided, therefore, to determine the Kg constants of the strains under study
using data from batch cultures and then using a non-linear modelling package 
to determine the growth constants of the culture i.e. p, Pniax» Ks ^nd omega,
the death rate of the culture. To enhance the accuracy of the model, biomass 
and substrate concentrations were measured every 2 hours.
5.2.2.ModeI used in determination of saturation constants
The model used in the determination of the substrate constants is 
shown in Figure 5.1., the modelling package used in the determination of the 
saturation constants was S B. Modelmaker. (S.B.-Technologies).
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Figure 5.1 .Model used for the determination of saturation constants. Where S 
is the substrate concentration, mu is the initial growth rate, omega is the death 
rate and tmu is the growth rate corrected for death rate.
The model is based upon Monod’s equations for microbial growth, as 
it has been found, in the determination of Kg constants, that the results have
generally followed the Monod relationship, Pirt (1975). Each of the
compartments, in the model was calculated using the following equations.
tmu = mu - omega
S = SO - (biomass/yield)
mu = mumax*(S/(Ks+S)
biomass dbiomass = tmu*biomass 
dt
omega = mumax*(Kl/(Kl+S)
Where Kg is the saturation constant for the growth limiting substrate and K1 
is the death constant for the culture.
The modelling package fits the model to the culture data using an 
iterative search procedure giving values for Kg, mu^ax K1.
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5.2.3.Glucose saturation constants of JSl and S, erythraea
Two batch cultures were performed, at different glucose 
concentrations, for each of the organisms. For both of the organisms the 
growth parameters, provided by the modelling package, were very similar 
between the two cultures. The saturation constants for the JSl cultures were 
calculated from batch cultures with the profiles shown in Figure 5.2. The 
saturation constants were 4.3mM and l.SmM respectively for the cultures 
performed at 7.5 and 3.75gl“l glucose.
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Figure 5.2.Shows the calculated biomass curve (-) and the data points plotted 
with 5% error bars (+) from batch cultures of JSl with (a) 7.5gl'^ and (b) 
3.75gT  ^ initial concentration of glucose.
Glucose l^max Ks K1
(6/1) (h-i) (mM)
7.5 ,0.0694+0.0087 4.3+.01 1.2x10-4+1.5x10-5
3.75 0.0683+0.0004 1.5+0.01 3.1x10-4+3.6x10-5
Table 5.1 Growth parameters for JSl in glucose limited batch culture.
The saturation constants for S. erythraea were calculated from batch 
cultures with the profiles shown in Figure 5.3. The saturation constants were
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7.7|liM  and 7.4}iM, respectively for the cultures performed at 7.5 and 3.75gl-i 
glucose (Table 5.3.).
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Figure 5.3.Shows the calculated biomass curve (-) and the data points plotted 
with 5% error bars (+) from batch cultures of S. erythraea with (a) 7.5gl'^ and 
(b) 3.75gl"  ^ initial concentration of glucose.
Glucose M^ max Ks K1
(gA) (h-l) (mM)
7.5 0.093+0.00005 7.7±0.04 7.2x10-2+2.9x10-4 .
3.75 0.085+0.00018 7.4±0.05 7 .7x 10-2± 1.8x 10-4
Table 5.2 Growth parameters for S. erythraea in glucose limited batch 
culture.
The saturation constants for S. erythraea were approximately 500 
times lower than those for JSl and this showed that S. erythraea has a greater 
affinity for glucose than JSl displayed. This was consistent with the theory 
that substrate afiBnity significantly influenced the production kinetics in 
response to nutrient limitation due to substrate exhaustion. JS l, which 
produces niphimycin in a growth associated manner under glucose limitation, 
had a high saturation constant and therefore a low affinity for glucose. S. 
erythraea, which produces erythromycin with non-growth associated kinetics
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under glucose limitation, has a low saturation constant and therefore a high 
affinity for glucose.
The numerical difference between estimated Ks values and those of 
McDermott et al. (1993) may be a reflection of the inaccuracy of the present 
method, which measures the parameters under the transient, constantly 
changing conditions of batch culture, compared with McDermott's 
methodology which employed steady state chemostat methods. Alternatively, 
it may reflect strain differences or differences between the physiology of 
microorganisms in chemostat and batch culture. Ten fold differences in Kg
values have been reported in different strains of the same species (Pirt, 1973).
5.2.4.Nitrate saturation constants of JSl and S. erythraea
Two batch cultures were performed, at differing nitrate concentrations, 
for both of the organisms. For both JSl and S. erythraea the growth 
parameters derived, by the modelling package, were very similar between the 
two cultures. The saturation constants for the JSl cultures were calculated 
from the biomass profiles of the batch cultures shown in Figure 5.4.
4.6E+008.4E+00-
« 4.3E+00
5.0E+01 l.OE+02
2.3E+00S•J
7.3E-02
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time (h)
1.0E+02
Figure 5.4.Shows the calculated biomass curve (-) and the data points plotted 
with 5% error bars (+) from batch cultures of JSl with (a) 2.38gl‘  ^ and (b) 
1.19gf^ initial concentration of nitrate.
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The saturation constants for JSl under nitrogen limitation were 2.6mM
and 2.1mM respectively for the 2.38 and 1.19gl"l nitrate cultures (Table
5.3.).
Nitrate toax Ks K1
(g/1) (h-l) (mM)
2.38 0.076+6x10-4 2.6+0.2 5.8x10-4+1.0x10-5
1.19 0.073+8x10-5 2.1±0.005 5.9x10-4+2.8x10-5
Table 5.3 Growth parameters for JSl in nitrate limited batch culture.
The saturation constants for the S. erythraea nitrate limited cultures were 
calculated from the biomass profiles shown in Figure 5.5. The saturation 
constants for S', erythraea were 7.8mM and 2.1mM respectively for the 2.38
and 1.19gl"l nitrate cultures (Table 5.4.).
Nitrate l^max Ks K1
(gA) (h-l) (mM)
2.38 0.072+9x10-4 7.8±0.4 1.2x10-4+2.2x10-5
1.19 0.079+7x10-3 2.1±0.03 8.1x10-4+4.7x10-5
Table 5.4 Growth parameters for S. erythraea in nitrate limited batch culture.
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1.0E+02
Figure 5.5.Shows the calculated biomass curve (-) and the data points plotted 
with 5% error bars (+) from batch cultures of S. erythraea wifri (a) 2.38gl'^ 
and (b) 1.19gl'  ^ initial concentration of nitrate.
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The saturation constants for both JSl and S. erythraea were veiy 
similar. Both of the organisms displayed high saturation constants and 
therefore low afiinities for the growth limiting substrate, nitrate. This was 
consistent with the theory that saturation constants are good indicators of the 
type of production kinetics that will be displayed by the organism under 
nitrate limitation.
5.3.Summary
It has been shown (Wilson and Bushell, 1995) that protein synthesis 
rate down-regulation correlates with the initiation of the production of 
secondary metabolites. In both of the organisms, under either limitation there 
is no antibiotic production before the protein synthesis rate has peaked and 
has started to decline. This demonstrates that a downshift in protein synthesis 
rate is necessary to initiate antibiotic synthesis.
It has also been shown that the production kinetics of the two 
organisms JSl and S. erythraea differ with the nutrient limitation that the 
organisms are placed under. In nitrate limitation both of the organisms 
produce, either niphimycin or erythromycin, with growth associated kinetics. 
However in glucose limitation JSl produces niphimycin with growth 
associated kinetics and S. erythraea produces erythromycin with non-growth 
associated kinetics.
It had been postulated, in the Microbial Physiology Group (University 
of Surrey), that the difference in the production kinetics displayed by S. 
erythraea, under carbon and nitrogen limitation may be due to the direct or 
indirect action that exhaustion of one of those nutrients has on the protein 
synthesis rate (Figure 5.6).
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Exhaustion of 
carbon source
Exahustion of 
nitrogen source
Decrease in 
energy charge
Decrease in 
t-RNA charging
Down shift of 
protein synthesis 
rate
Secondary
metabolism
Figure 5.6.Possible model for difference in the production kinetics displayed 
by S. erythraea in carbon and nitrogen limited media.
From the, hypothesised, model it can be seen that under nitrogen 
limitation, exhaustion of the growth limiting substrate, has a direct effect upon 
the protein synthesis rate. Whereas exhaustion of the growth limiting 
substrate, under carbon limitation, has an indirect effect upon the protein 
synthesis rate of the organism. This model, as it stands, cannot be true for 
JSl which displays the same growth associated, or growth pre-emptive 
production kinetics under both carbon and nitrogen limitation. One possible 
explanation for the difference in production kinetics has been the saturation 
constants and hence the affinity that the organisms display for the growth 
limiting substrate.
JSl displays very similar saturation constants for both glucose and 
nitrate (Table 5.5) and hence the affinity that JSl displays for glucose and 
nitrate was similar. The saturation constants for glucose and nitrate indicate 
that JSl has a low affinity for the two nutrients and this implies that when
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placed under either glucose or nitrate limitation the organism will display 
similar physiological responses. Hence niphimycin was produced with the 
same production kinetics under both nutrient limitations, and with the 
organism having a low affinity for the nutrients the production kinetics are 
growth associated.
Limitation Saturation Constant
Carbon 2.9mM
Nitrogen 2.35mM
Table 5.5 Saturation constants of JSl for glucose and nitrate
S. erythraea has saturation constants that are very different for the two 
nutrients (Table 5.6). The saturation constant for glucose is 500 times lower 
than the saturation constant for nitrate. This implies that when the organism 
is placed under these two nutrient limitations the physiology of the organism 
will differ greatly. S. erythraea has a low saturation constant for glucose and 
hence a high glucose afihnity. This allows the organism to grow at a maximal 
rate until the glucose concentration has fallen to a very low level. Hence 
protein downshift does not occur until late in the growth phase and 
erythromycin is produced in a non-growth associated maimer.
Limitation Saturation Constant
Carbon 7.55|liM
Nitrogen 4.45m M
Table 5.6 Saturation constants of S. erythraea for glucose and nitrate
However S. erythraea has a high saturation constant for nitrate and 
hence a low nitrate affinity. Therefore only a small drop in nitrate 
concentration is required to cause a downshift in protein synthesis and the 
initiation of erythromycin production. As this occurs early in the growth
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phase of the organism erythromycin is produced in a growth associated 
manner.
Thus the proposed model (Figure 5.6) needs modifying to incorporate 
the substrate affinity of the growth limiting substrate (Figure 5.7).
C substrate 
affinity
N substrate 
affinity
Exhaustion of 
carbon source
Exahustion of 
nitrogen source
Decrease in 
energy charge
Decrease in 
t-RNA charging
Down-shift of 
protein synthesis 
rate
Secondary
metabolism
Figure 5,7.Modified model showing the differing actions that carbon and 
nitrogen have on the initiation of secondary metabolite production.
In the modified model carbon and nitrogen exhaustion still have their 
indirect or direct action, respectively, upon the protein synthesis rate and 
hence secondary metabolite production. However the point, within a culture, 
that carbon or nitrogen exhaustion occurs is controlled by the substrate 
affinity that the organism displays for that nutrient. Therefore a growth 
limiting substrate with a low affinity will initiate a down-shift in tlie protein 
synthesis rate before a growth limiting substrate with a high affinity. This is
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true for both carbon and nitrogen sources and therefore the production 
kinetics, of an organism, will be dependent upon the organism's substrate 
affinity for the growth limiting substrate.
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6.Hypothesis for the influence of production kinetics on biocontrol 
effectiveness
The physiological studies with JSl demonstrated a potential biocontrol 
strategy that could be employed within the rockwool rhizosphere used in the 
commercial growing system.
The physiological studies of JSl and the characterised strain 
NRRL3664 had demonstrated that under all of the nutrient limitations 
examined niphimycin was produced as a growth associated product. Further 
more the initiation of antibiotic biosynthesis occurred early in the growth 
phase of the organisms. The production of niphimycin at this stage of the life 
cycle may confer a survival advantage to JSl and NRRL3664 when grown in 
soil or the rockwool environment. Streptomycetes exist, within soil, for long 
periods of time as spores which require the presence of exogenous nutrients 
for germination to take place (Goodfellow and Williams, 1983). For the 
spores to germinate successfully and for the newly forming colonies to 
survive the organism has to be able to compete effectively for the available 
nutrients.
However, as has been discussed in the Introduction, competition within 
the rhizosphere for space and nutrients is intense. The production of 
niphimycin concurrently with growth may assist JSl and NRRL3664 to 
compete more effectively. Niphimycin is a broad spectrum antibiotic with 
activity against fungi and bacteria. The production and diffusion of 
niphimycin around the hyphae of the growing colonies may help to reduce the 
effective level of competition to which the colony is exposed. The action of 
niphimycin in the environment would cause fungicidal and bactericidal effects 
as well as fungistatic and bacteristatic effects upon the surrounding
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microflora. This would effectively reduce the level of competition and allow 
JSl or NEJRL3664 to utilise the available nutrients and to colonise plant roots 
more easily. Once established on the plant roots there would be no need for 
the continuing production of niphimycin which is energetically expensive and 
diverts much needed nutrients away from cell growth.
Therefore a possible biocontrol strategy employed by JSl or 
NRRL3664 would consist of two parts. Initially as the organisms grew they 
would produce niphimycin, which would reduce the inoculum potential of the 
pathogen and any other microflora present. This would allow JSl or 
lSnRRL3664 to utilise available nutrients and to colonise the seedling roots. 
Then after colonisation had occurred the production of niphimycin would be 
terminated and the organisms would protect the plant roots by physically 
preventing the pathogen from attacking.
The production kinetics displayed by JSl and NRRL3664 conform to 
this pattern of biocontrol with production occurring early in the growth phase 
of the organism but ceasing prior to the onset of stationary phase.
In order to examine this concept for the biocontrol of Phytophthora 
capsici by JSl and NRRL3664 several studies were performed using both 
greenhouse and Petri dish seedling assays. The amino acid requirements of 
JSl and the pathogens were examined to determine whether the hydroponic 
culture conditions could be altered to enhance the observed biocontrol effect. 
The saturation coefficients of the pathogens for both glucose and nitrate were 
determined and compared to those obtained for JSl. This would give some 
indication as to whether JSl could compete effectively for those nutrients 
with the pathogens.
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To examine the contribution antibiosis has in the observed biocontrol 
effect a non-producing mutant of JSl was obtained by mutation with ultra­
violet light. The mutant, JS2, was compared physiologically and nutritionally 
to the wildtype, JSl. The two strains were then compared for their relative 
levels of control over the pathogen Phytophthora capsici in both greenhouse 
and Petri dish seedling assays.
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T.Comparison of nutritional 
requirements for niphimycin 
production and pathogen growth: an 
evaluation of the potential for 
supplementation of hydroponic culture 
media.
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7.1. Effect of amino acid nutrients on the growth of JSl and the 
target pathogens.
The objective was to assess the effect of 20 amino acids on the 
growth of the 3 organisms. Complete assessment would require varying 
the concentration of each amino acid independently. Using a hill factorial 
method, in which every possible combination of the amino acids at varying 
concentrations is investigated, for X amino acids at Y levels, trials are 
required. Therefore for the twenty amino acids at 2 concentrations, 400 
trials (20^) would be required. In order to provide an alternative to 
carrying out such a large number of experiments, a fractional factorial 
approach was developed by Plackett and Burman (1946). They proposed 
a series of basic designs for as many as 100 experiments. The design is 
based on balanced incomplete blocks. Each design of N experiments was 
used to examine N-1 amino acids. The experiments are carried out as 
specified by a design matrix (Figure 7.1), where every row represents 1 
experiment and each column represents a variable. The high concentration 
of the amino acid was signified by (+) in the matrix and the lower 
concentration by (-).
Each amino acid was included at the high concentration 12 times 
and at the low concentration 12 times. The contribution of each amino 
acid, to the ^owth of the organism, was determined as the difference 
between the average response for the 12 experiments at the high 
concentration and the average response at the low concentration. The 
effect of one amino acid would be distinguished from all the others as the 
matrix was designed so that when any one amino acid was at its high 
concentration all the others were at a low concentration 6 times and at a 
high concentration 6 times. Similarly when the amino acid was at its low 
concentration all other amino acids were at a high concentration 6 times
108
and at their low concentration 6 times. The net effect, therefore, of all the 
remaining amino acids cancels out, when calculating the effect of any 
single amino acid.
L A M P T H A 0 T I T A V s c c L P G A D D D
Y L E H Y I R R R s H S A E I Y E R L S U U U
S A T E R S G N Y 0 R P L R T S U 0 U N M M M
1 4- + 4- 4- 4- - + - 4- 4- - - 4“ 4- - - 4- - 4- - - - -
2 + + 4~ 4- - 4- - 4- 4- - - 4" 4- - - + - 4- - - - - 4-
3 + + 4- - 4- - 4* 4- - - 4- 4- - - 4- - 4- - - - - 4- 4-
4 + + - 4- - 4- 4- - - 4" 4- - - 4- - 4- - - - - 4- 4- 4-
5 + - 4- - 4- 4- - - 4- 4- - - 4- - 4- - - - - 4- 4- 4- 4-
6 - + - 4" 4- - - 4- 4- - - 4- - 4" - - - - 4- 4- 4- 4- 4-
7 + - 4- 4- - - 4- 4- - - 4- - + - - - - 4- 4- _j_ 4" 4- -
8 - 4- 4- - - 4- 4- - - 4- - 4- - - - - 4- 4- 4- 4- 4- - 4-
9 + 4- - - 4- 4- - - 4- - 4- - - - - 4- 4- 4- 4 - 4- - 4- -
10 + - - 4- 4- - - 4- - 4- - - - - 4- 4- + 4- 4- - 4- - 4-
11 - - 4- 4- - - 4- - 4- - - - - 4- 4- + 4- 4- - 4- - 4- 4-
12 - 4- 4- - - 4- - 4~ - - - - 4- 4- 4- 4* 4- - 4- - 4- 4- -
13 + 4- - - + - 4- - - - - 4- 4- 4- 4- 4- - 4- - 4- + - -
14 + - - 4- - 4- - - - - 4- 4- 4- 4* 4- - 4- - 4- 4- - - +
15 - - 4- - 4- - - - - 4- 4- 4- 4- 4- - 4- - 4- 4- - - 4- 4-
16 - 4- - 4- - - - - 4- 4- 4- 4- 4- - 4- - 4- 4- - - 4- 4- -
17 + - 4- - - - - 4- 4- 4- 4- 4- - 4- - 4- + - - 4- 4- - -
18 - 4- - - - - 4- 4- 4- 4- 4- - + - 4- 4- - - 4- 4- - - 4*
19 + - - - - 4- 4- 4- + 4- - 4~ - 4- 4- - - 4- 4- - - 4- -
20 - - - - + 4- 4- 4- 4- - 4- - 4- + - - 4- 4- - - 4- - 4*
21 - - - 4- 4_ 4- 4- 4- - 4- - 4- 4- - - + 4- - - 4- - + -
22 - - + 4" + 4* 4- - 4- - 4- 4- - - 4- 4- - - 4- - 4- - -
23 - 4- + 4* 4- 4- - 4- - 4- 4- - - 4- 4* - - 4- - 4- - - -
24
Figure 7.1 Experimental matrix used for Plackett-Burman analysis (Where
LYS is lysine, ALA is alanine, MET is methionine, PHE is phenylalanine, TYR is tyrosine, HIS is 
histidine, ARG is arginine, ORN is ornithine, TRY is tryptophane, ISO is isoleucine, THR is 
threonine, ASP is aspartic acid, VAL is valine, SER is serine, CIT is citruIUne, CYS is cystine, LEU 
is leucine, PRO is proline, GLU is glutamic acid and ASN is asparagine).
The experimental error was estimated by including 3 “dummy 
variables”, which involves comparing the effects of sets of flasks in which 
the concentrations of the amino acids were varied randomly, in the matrix.
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T.l.l.Experimental Details
Double strength seedling Solufeed (12.5ml) was added to each of 
24 flasks. Amino acids were added according to the experimental matrix 
detailed in Figure 7.1. The denoted a high level amino acid addition,
which was 0.2ml, and the denoted a low level amino acid addition,
which was 0.1ml, of 13mM amino acid stock solutions. The volume in the 
flasks were adjusted to 25ml by the addition of sterile water. The flasks 
were inoculated with 1ml of a seven day old liquid culture of the test 
organism. The flasks were then incubated at 21°C for 96 hours. Ajfter 
incubation the flasks were assessed for biomass content and the results 
were analysed as detailed in the following section.
7.1.1.Calculation of results
The results are calculated, using a relevant computer program (see 
Apendix 3) by the following method:
Ea= Zfhishl - SQow)
12 12
Veff=md)24
S .E .eff-VVeff
 BgL
S.E.eff
Where:
Ea is the effect of the amino acid
high and low refer to the amino acid concentration
Vgff is the variance of the effect
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Ed is the effect from the dummy 
S.E.gff is the standard error of the effect 
t this is the t test value
The significance of the amino acid was then read from a standard t- 
value table. A significance level of 80% (Stowe and Mayer, 1966) or 
more was taken to mean that the amino acid had a significant effect on the 
growth of the culture. A significance of 0% or less was taken to show that 
the amino acid had no effect and a significance of -80% was taken to show 
that the amino acid had a detrimental effect upon the growth of the 
organisms.
7.2.Plackett-Burman analysis for JSl
Amino Acid %Significance
Proline 80 to 90
Isoleucine 80 to 90
Threonine 50 to 80
Leucine 50 to 80
Glutamic Acid 50 to 80
Methionine 50 to 80
Arginine 50 to 80
Histidine 50 to 80
Valine 50 to 80
Aspartic Acid 50 to 80
Serine 50 to 80
Phenylalanine 20 to 50
Tyrosine 20 to 50
Tryptophan 20 to 50
Lysine 20 to 50
Ornithine 20 to 50
Citrulline 20 to 50
Alanine 0 to 20
Cystine -20 to 0
Asparagine -80 to -50
Table 7.1.The significance levels of the 20 ammo acids, tested using 
Plackett-Burman analysis, on the growth of JSl.
I l l
The Plackett-Burman analysis (Table 7.1) of JSl showed that there were 
only 2 amino acids, proline and isoleucine, with a significant stimulatory 
effect on the growth of JSl. The analysis also showed that there were no 
amino acids that had a significantly detrimental effect upon growth.
7.2.1.Plackett-Burman analysis îqy Phytophthora capsicL
Amino Acid %Significance
Phenylalanine 80 to 90
Tryptophan 80 to 90
Lysine 80 to 90
Isoleucine 80 to 90
Ornithine 50 to 80
Tyrosine 50 to 80
Leucine 50 to 80
Alanine 50 to 80
Glutamic Acid 50 to 80
Aspartic Acid 50 to 80
Asparagine 50 to 80
Proline 20 to 50
Cystine 20 to 50
Valine 20 to 50
Histidine 20 to 50
Methionine Oto 20
Serine 0 to 20
Threonine 0 to 20
Citrulline -20 to 0
Arginine -50 to -20
Table 7.2.The significance levels of the 20 amino acids, tested using the 
Plackett-Burman analysis, on the growth of Phytophthora capsici.
The Plackett-Burman analysis of Phytophthora capsici (Table 7.2) 
showed that 4 amino acids had a significant effect on the growth of 
Phytophthora capsici. These were phenylalanine, tryptophan, lysine and
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isoleucine. The analysis also showed that there were no amino acids that 
had a significantly detrimental effect upon growth of Phytophthora 
capsici.
7.2.2.Plackett-Burman analysis of Fusarium oxysporunu
The Plackett-Burman analysis o i Fusarium oxysporum (Table 
7.3) showed that 17 of the 20 amino acids had a significant positive effect 
on growth. Of the remaining 3 amino acids tryptophan and histidine had a 
significantly detrimental effect upon growth.
Amino Acid %Significance
Leucine 99.8 to 99.99
Proline 99 to 99.8
Citrulline 99 to 99.8
Ornithine 99 to 99.8
Alanine 99 to 99.8
Lysine 99 to 99.8
Threonine 99 to 99.8
Valine 99 to 99.8
Phenylalanine 98 to 99
Isoleucine 98 to 99
Glutamic Acid 98 to 99
Tyrosine 98 to 99
Cystine 95 to 98
Arginine 95 to 98
Serine 95 to 98
Aspartic Acid 95 to 98
Methionine 90 to 95
Asparagine -50 to -20
Tryptophan -90 to -80
Histidine -95 to -90
Table 7.3.The significance levels of the 20 amino acids, tested using the 
Plackett-Burman analysis, on the growth of Fusarium oxysporum.
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7.2.3.Summary of the Plackett-Burman analyses
The Plackett-Burman analysis has been used to rapidly screen a 
large number of variables such as amino acid contribution to growth and 
antibody production in hybridomas (Scott, 1990) and the determination of 
nitrogen and carbon sources in fermentation media, Srinivas et al., (1994) 
and Greasham and Inamine (1986). In this case it has been used to 
determine the effect of amino acids on the growth of 3 organisms. The 
results observed have shown that for two of the organisms, JSl and 
Phytophthora capsici, only a small number of amino acids have any 
significant effect upon growth. However in the case of Fusarium 
oxysporum 17 out of the 20 amino acids had a significant effect on the 
growth of the culture. These results indicate that JSl and Phytophthora 
capsici are not as nutritionally versatile as Fusarium oxysporum and that 
Fusarium oxysporum is capable of utilising a large array of amino acids as 
its sole carbon source.
Effect on 
Growth
JSl P. capsici F. oxysporum
Stimulates PRO PHE LEU GLU
ILE TRY PRO TYR
LYS CIT CYS
ILE ORN ILE
ALA ARG
LYS SER
THR ASP
VAL MET
PHE
Inhibits ASN TRYms
Table 7.4.The effect of amino acids on the growth of JSl and the target 
pathogens.
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The purpose of the study performed was to determine whether there 
was a mix of amino acids that could be used to stimulate the growth of JSl 
whilst having no effect, or a detrimental effect upon the growth of the 
target pathogens. Though it can be seen that 1 of the 2 (Table 7.4) 
stimulatory amino acids, for JS l, has no significant effect upon the growth 
of Phytophthora capsici, both proline and isoleucine have a stimulatory 
effect upon the growth of Fusarium oxysporum. It was hoped that this 
analysis would have identified amino acids stimulatory to JSl but 
inhibitory to the pathogens, however (Table 7.4) this was not the case. 
Asparagine was identified as an amino acid to avoid in any formulation as 
it inhibited the growth of the biocontrol agent, JS l.
7.3.Contribution of tomato root exudate to the amino acid pool in the 
rhizosphere.
Collection and analysis of plant root exudates is a well established 
procedure using for example, the sterile sand technique of Rovira (1956). 
The tomato root exudate has been collected and analysed (Vancura and 
Hovadik, 1965). However in all the cases, the amount of exudate 
collected has been very small. The sterile sand technique of Rovira (1956) 
and the method used by Balasubramanian and Rangswami (1967), in their 
analysis of the tomato root exudate, used collection systems based around 
a single plant. We wished to collect a large amount of root exudate to use 
as the basal media for the cultivation of JSl, as the plant food, Solufeed, 
does not contain a carbon source. The following system was devised to 
collect larger amounts of root exudate.
7.3,l.Collectioii system
Figure 7.2. Shows the design of the collection system, both the sand
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and the glass beads were acid washed and then washed in reverse osmosis 
water. The main growth tank was then assembled and autoclaved at 
121°C, ISp.s.i. for 1 hour, this autoclaving procedure was repeated after 
24 hours.
Plant Feed from Reservoir
Air Intake
Sand
Graduated Glass Beads
Recycled Plant Feed 
to Reservoir
Air Intake
Sterile In-Line Filters
Figure 7.2,Design of the root exudate collection system
Tomato seeds were surface sterilised, with sodium hypochlorite, 
and were then germinated on sterile paper. After germination 20 seeds 
were added to the tank and the system was incubated at 25°C with a 12 
hour light and dark cycle. The system was feed from the reservoir which 
contained 101 of seedling strength Solufeed (Table 7.5).
Solufeed 0.92 gf'
Ammonium Nitrate 0.077gr‘
Ferric EDTA 0.032gr'
Table 7.5.Medium components of seedling strength Solufeed.
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Samples of the Solufeed were taken from the reservoir every 7 days and 
were analysed using elemental analysis.
7.3.2.AnaIysis of the recycled Solufeed.
Age of Plants 
(weeks)
[Carbon]
(mM)
[Nitrogen]
(mM)
[Hydrogen]
(mM)
1 2.43 2.27 7.84
2 0.78 2.28 537
3 2.01 10.21 22.49
4 2.98 11.51 25.43
Table 7.6.Carbon, nitrogen and hydrogen content of the recycled Solufeed
From the above data (Table 7.6.) the maximum possible 
concentration of amino nitrogen was calculated by assuming that all of the 
nitrogen present was in the form of amino nitrogen. Also from the data the 
maximum possible concentration of amino acids was calculated. This was 
calculated using an average molecular weight (158g) for amino acids, 
obtained by averaging the molecular weight of 20 amino acids.
Age of Plants 
(weeks)
[Amino Nitrogen] 
(mM)
[Amino Acids] 
(gl-')
1 1.96 0.31
2 1.34 0.21
3 536 0.83
4 6.36 1.01
Table 7.7.Maximum possible amino nitrogen and amino acid content of 
the recycled Solufeed.
The calculated data (Table 7.7.) showed that there were low levels 
of amino acids in the recycled Solufeed. Even if the assumptions made
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were correct there was still only lgl“^ of assorted amino acids within the 
Solufeed after 4 weeks. This pool of amino acids would contain not only 
amino acids that were significant to the growth of JS l, but those that have 
no effect or a detrimental effect upon the growth of JSl. Thus the levels 
of amino acids in the Solufeed, that were of use to JSl, would be even 
lower than the maximum calculated concentration.
Theoretical biomass and antibiotic yields on the maximum 
calculated amino acid levels would have been below the levels of 
detection in our laboratory. In order to increase the growth of JSl and 
gain the potential for manipulating its physiology it was decided to 
supplement the plant nutrient with an amino acid. As has been previously 
seen in the Plackett-Burman analysis there was not a single amino acid, or 
mix of amino acids that were stimulatory to JSl whilst having a non­
stimulatory effect upon the pathogens. Thus an economic evaluation of 
the amino acids was also carried out.
7.4. Economic evaluation of the amino acids.
The cost of amino acids ranged from £19 to £559 for IKg of 
the amino acid (prices from BDH catalogue 1994). Both of the amino 
acids stimulatory to JSl were expensive £277 and £559 per Kg for proline 
and isoleucine respectively (Table 7.8.). These amino acids are too 
expensive for the commercial grower. However, in the next tier of amino 
acids, those with significance levels of 50-80%, there are 2 amino acids 
that are very cheap. These are glutamic acid (sodium glutamate) and 
aspartic acid which are £19 and £34 respectively. The low price of these 
amino acids would make them ideal candidates for the supplementation of 
the plant feed. It has also been shown that in tomato root exudate the two
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largest contributors to the amino acid pool are glutamate and aspartic acid 
(Balasubramanian and Rangswami, 1967).
Amino Acid Price per Kg %Significance to JSl
Proline 277 80 to 90
Isoleucine 559 80 to 90
Threonine 493 50 to 80
Leucine 162 50 to 80
Glutamate 19 50 to 80
Methionine 287 50 to 80
Arginine 110 50 to 80
Histidine 275 50 to 80
Valine 255 50 to 80
Aspartic Acid 34 50 to 80
Serine 430 50 to 80
Phenylalanine 420 20 to 50
Tyrosine 78 20 to 50
Tryptophan 490 20 to 50
Lysine 72 20 to 50
Ornithine 139 20 to 50
Citrulline 440 20 to 50
Aanine 265 Oto 20
Cystine 154 -20 to 0
Asparagine 131 -80 to -50
Table 7.8.The prices for IKg of amino acid and their significance to the 
growth of JSl.
The effect of these two amino acids on the growth and production 
of JSl was examined further. In addition to glutamate and aspartic acid, 
proline was also assessed further. Although expensive it has been shown 
to be a good carbon and nitrogen source for growth and antibiotic 
production (Middleton, 1990).
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7.5.£ffect of glutamate, aspartic acid and proline on the growth and 
production of JSl.
The assessment of the amino acids was performed in shake flask 
experiments using 250ml Erlenmeyer flasks which contained 30ml of 
seedling strength Solufeed supplemented with an amino acid. The amino 
acids were added so that each flask contained Ig of carbon. The flasks 
were agitated, using triangular cross section stirrer bars (Camlab), at 
500rpm and were incubated for 4 days at 30°C, after which they were 
assessed for growth and production.
Amino Acid Dry Weight
(gl-')
[Niphimycin]
(mgr')
Specific Yield 
(mg g'^biomass)
Glutamate 0.29+0.04 5.4 18.9+2.6
Proline 0.85±0.16 6.9 8.3+1.6
Aspartic Acid 0.09+0.03 0 0
Table 7.9.The effect of the 3 amino acids on the growth and production of 
JSl.
Of the three amino acids tested, proline (Table 7.9.) supported the 
best growth of JSl and also produced the highest niphimycin titre. 
However glutamate gave rise to the best specific yield of niphimycin, its 
specific yield, was twice that of proline. Aspartic acid was shown to 
support a poor level of growth and there was no detectable niphimycin in 
the culture.
Of the 3 amino acids examined both glutamate and proline 
were capable of supporting both growth and production, at low amino acid 
concentrations. However, the high cost of proline makes it commercially 
non-acceptable. Therefore it was decided that, for the laboratory study of 
JSl, the plant food, Solufeed, would be supplemented with glutamate.
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Glutamate has been shown in Streptomyces lividans, to be an appropriate 
nutrient source for antibiotic production (Sarra et aL, 1993).
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S.Manipulation of the conditions for 
laboratory and greenhouse tomato 
culture
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The conditions for the culture of tomato seedlings were manipulated to 
enhance the growth of JSl and NRRL3664 and the production of niphimycin 
by these organisms in either Petri dish or greenhouse. As has been discussed 
in the previous section it was decided to supplement Solufeed with sodium 
glutamate for the laboratory culture of JSl and NRRL3664. From the 
physiological studies of these two organisms under glutamate limitation it had 
been observed that niphimycin was produced with growth associated 
production kinetics. It had also been observed that as the pH of the culture 
rose form pH 6.0 to pH 8.0 the kinetics of production changed from growth 
associated to non-growth associated (Section 3.2.4.) and the specific 
production rate fell from 1.1 to 0.46 mg/g biomass/h and 1.51 to 0.86 mg/g 
biomass/h respectively for JSl and NRRL3664. However, the growth rates 
had risen from 0.027 to 0.062 h'  ^ and 0.048 to 0.061 h"^  respectively for JSl 
and NRRL3664.
The effect of glutamate supplemented Solufeed was studied both in 
Petri dish assays and in greenhouse plant culture. The effect of raising pH to 
enhance the growth of JSl and NRRL3664 whilst altering the production 
kinetics displayed was studied in a greenhouse trial. In the same trial the 
effect of proline supplementation of Solufeed was also examined. Proline 
was included as it had been demonstrated (Section 7) that proline stimulated 
both growth and antibiotic production.
8.1,Greenhouse trial with JSl and NRRL3664
A greenhouse trial was performed with JSl and NRRL3664 to 
determine the effect of altering the composition of the plant feed, Solufeed, on
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the control exerted by JSl and NRRL3664 on the pathogen P. capsici. The 
plant feed was altered to give the following treatments :
1)Unamended Solufeed control
2)Solufeed supplemented with glutamate
3)Solufeed supplemented with proline
4)Solufeed with its pH adjusted to pH 8.0
The trial was conducted at Shell Research, Sittiugboume, using the 
Shell primary screen protocol against the pathogen Phytophthora capsici. 
The results demonstrated that in unamended Solufeed both JSl and 
NRRL3664 protected the tomato seedlings from pathogenic attack by 
Phytophthora capsici (Table 8.1.).
Treatment Number of 
Nothing
Healthy Plan 
W
Glutamate
ts in Solufeec 
ith
Proline
1 Amended 
pH 8.0
Control 20 20 18 20
JSl 18 6 8 18
NRRL3664 18 6 8 20
P. capsici 4 6 6 20
JSl 8c P.capsici 18 6 8 18
NRRL3664 & 
P.capsici
18 8 8 18
Table 8.1.Number of healthy plants in greenhouse trial of JSl and 
NRRL3664.
In the glutamate and proline amended treatments there was no control 
exerted over the pathogen and there was the same level of seedling mortality 
observed with JSl and NRRL3664 alone as with the pathogen P. capsici.
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This showed that JSl and NRRL3664, when provided with an alternative 
nutrient source caused seedling mortality. In the pH adjusted treatment there 
was no disease incidence. This may be due to the effect of ammonia on the 
Phytophthora sp. as work by Gilpatrick (1969) and Tsao and Oster (1981) 
has shown that ammonia can be suppressive to the growth of Phytophthora 
sp. The pH of the unamended Solufeed was increased from pH 6.8 to pH 8.0 
by the addition of ammonium nitrate and thus this treatment had enhanced 
ammonia concentrations.
The greenhouse trial, though confhming that JSl and 
NRRL3664 act as biocontrol agents in the unamended tomato/Solufeed 
rhizosphere, showed that nutrient supplementation allows JSl and 
NRRL3664 to become pathogenic to the seedling. The trial also did not give 
any indication to the method of control exerted by JSl and NRRL3664 over 
the pathogen Phytophthora capsici. To examine whether the observed control 
effect was due to competition for nutrients or space or by antibiosis, the 
seedling assay was performed to assess the control effect exerted in vitro. 
Also, rockwool plugs from this greenhouse trial were stored and used for the 
microscopic examination of the root/rockwooI/JSl interface, discussed later 
in this section.
8.2.Seedling plate assays
Seedling assay plates were performed to further investigate the effect 
of JSl and NRRL3664 on tomato roots in the presence of glutamate. 
Seedling plate assays have been used previously to screen large numbers of 
isolates for their ability to colonise plant roots (Misaghi, 1990). The seedling 
assay has also been used to demonstrate the ability of Streptomyces
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griseoviridis, the active agent of the biofungicide Mycostop, to colonise 
turnip rape roots (Kortemaa et al., 1994).
The following treatments were examined using the seedling plate assay 
for both JSl and NRJRL3664 in unamended and sodium glutamate amended 
Solufeed in the presence and absence of the pathogen Phytophthora capsici:
a) Tomato seedling control plates
b) Tomato seedling and biocontrol organism
c) Tomato seedling and niphimycin
The results demonstrated that the seedlings were protected from the 
pathogen by JSl and NRRL3664 in the absence of glutamate (Table 8.2.). 
However, in the presence of glutamate there was no control of P. capsici 
observed and the seedlings were diseased.
Treatment
Condition of Seedlings in Treatments
With P. capsici Without P. capsici
Sol Sol & GLU Sol Sol & GLU
Control Diseased Diseased Healthy Healthy
JSl Healthy Diseased Healthy Diseased
NRRL3664 Healthy Diseased Healthy Diseased
Niphimycin Diseased Diseased Healthy Healthy
Table 8.2.Results from seedling plate assays of JSl and NRRL3664. Where 
Sol are unamended Solufeed plates and Sol & GLU are glutamate amended 
Solufeed plates.
The results also demonstrated that, in the absence of the pathogen, JSl 
and NRRL3664 were capable of causing seedling death when the Solufeed 
was supplemented with glutamate. On the plates where the biocontrol 
organisms were challenged with P. capsici there was no disease in Solufeed 
alone, however in the glutamate supplemented plates the seedling was 
necrotic with lesions along the roots and stem. When these plates were
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examined microscopically there was no evidence of P, capsici on the plates, 
but there was growth of JSl and NRRL3664 visible without the aid of a 
microscope.
The assay showed that both JSl and NRRL3664 could act as a control 
agent against Phytophthora capsici. When the rhizosphere was 
supplemented with glutamate both JSl and NRRL3664 overgrew and killed 
the seedling. Thus, in the rhizosphere, there must be a delicate balance that 
allows JSl and NRRL3664 to grow sufficiently to protect the plant, but not 
enough to kill the plant. When the supernatant alone was used to protect the 
seedling there was no control of the pathogen. This could have been due to 
the antibiotic diffusing over the plate until the concentration was below that 
which would have had a fungicidal or fungistatic effect upon the pathogen. It 
may also indicate that the antibiotic alone is not sufficient for the biocontrol 
of P. capsici and that the physical presence of JSl is required for the 
observed biocontrol effect to occur. To investigate this further a non­
producing mutant of JSl was obtained and the work performed with the non­
producing mutant is discussed in a later section.
8.3.Scanning electron microscopy
The samples were prepared from the rockwool plugs that had been 
used in the glasshouse trial of JSl. The samples were prepared by gently 
removing excess rockwool to expose the roots. The roots and remaining 
rockwool was then freeze dried.
The samples from the unamended Solufeed showed that there was a 
spread of JSl down the root. The growth was sparse with long branching 
filaments (Plate 8.1.).
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Plate 8.1.Growth of JSl on tomato seedling roots grown in unamended 
Solufeed.
Plate 8.2.Growth of JSl on tomato seedlings grown in sodium glutamate 
amended Solufeed.
128
The colonisation of JSl down the length of the root demonstrated that 
JSl does not rely upon water movement to spread along the seedlings root as 
the water movement through the rockwool plugs is from the base of the plug 
to the surface.The samples from the glutamate amended Solufeed showed that 
the morphology of JSl on the root had changed from long unbranched 
filaments to short highly branched filaments that covered all the available 
surface of the root (Plates 8.2.). There was also evidence of damage to the 
root as there were holes in the root epidermal cells.
The damage to the root by JSl suggested that JSl was capable of 
penetrating root and invading the plant. The ability of Streptomyces to 
produce cellulases has been demonstrated in S. hygroscopicus (Spear et a l , 
1993) and pathogenic Streptomyces have been discovered. The only main 
disease caused by Streptomyces is the common and russet scab of potatoes 
and sugar beet. The main causal agent of potato and sugar beet scab is 
Streptomyces scabies, which has been reviewed by Kutzner, 1981. Other 
pathogenic Streptomyces are S. aureofaciens, S. flaveolus and S. griseus 
which have been shown to cause common scab of potato (Corbaz, 1964 and 
HofBnann, 1958, reviewed in Goodfellow and Williams, 1983). S. ipomoeae 
causes scab of sweet potato (Person and Martin, 1940, reviewed in 
Goodfellow and Williams, 1983).
Another possibility for the cause of the damage to the root is the 
formation of aerenchyma. These are formed in response to oxygen starvation 
at the root surface. Bacterial coverage of the root surface has been estimated 
at between 0.24 and 7.7% (Christie et a l, 1978). The seedling roots in the 
sodium glutamate amended Solufeed treatments appeared completely covered 
with JSl. This would cause the roots to become oxygen starved and for the
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formation of aerenchyma to occur. Aerenchyma are caused by rupturing of 
the root surface forming holes in the root surface. This this is consistent with 
the observed pattern of damage that occurred in the roots of the sodium 
glutamate amended Solufeed treated plants. The oxygen starvation of the 
roots due to overgrowth by JSl could lead to the death of the seedlings due to 
anoxia.
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9.COMPARISON OF THE 
SUBSTRATE AFFINITIES OF JSl 
AND THE TARGET PATHOGENS
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As has been discussed in the introduction one of the main ways in 
which observed biocontrol effects, caused by bacteria, are thought to occur 
is the competition for nutrients (Weller, 1988). The most nutritionally 
versatile of the rhizosphere bacteria are the fluorescent pseudomonads 
(Weller, 1985), and these have been implicated in the control of Pythium 
damping off by nutrient competition (Elad and Chet, 1987). 
Streptomycetes have also been shown to cause the inhibition of fungal 
growth by nutrient depletion in vitro (Hsu and Lockwood, 1969). In the 
work described in this section the substrate affinity constants for glucose 
and nitrate of the two fungal pathogens were determined and compared to 
the substrate affinity constants already obtained for JS l. From the relative 
values of the substrate affinity constants it was possible to assess which of 
the organisms has the highest affinities for glucose and nitrate and to 
speculate on whether JSl can compete in the rhizosphere, with the 
pathogens, for glucose and nitrate.
9.1.Radial growth determination of substrate affinity constants for the 
target pathogens
The measurement of substrate affinity constants by radial growth on 
an agar plate was dependent on the observation that colonies of a 
filamentous fungus, grown an a solid medium, increased in size at a 
constant rate (Pirt, 1973), described by the equation ;
r = Krt + ro
Where r is the radius at time t and rg is the initial radius of the 
colony. The constant Kj. is directly proportional to the specific growth rate 
of the organism and can be defined as :
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Kf = pw
Where p is the specific growth rate of the organism and w is the width of 
the peripheral growth zone of the colony (Trinci, 1971).
Combining the above two equations gives : 
r = pwt + ro
Thus a plot of radius (r) against time (t) will have a gradient of pw and a Y 
axis intercept of Tq. It is then possible to use the Monod equation 
substituting /w for p to obtain :
(K/w) = (K/w)mmx.S 
(S+KJ
This assumes that the value of w, the peripheral growth zone, remains 
constant. From the modified Monod equation it is possible determine the 
substrate affinity constant (KJ of the substrate. A non-linear computer 
modelling package was used for this purpose.
9.LLExperimental methodology
The determination of the substrate affinity constants of nitrate and 
glucose for Fusarium oxysporum and Phytophthora capsici were 
performed on carbon and nitrogen limited solid media. A 7mm plug was 
cut from the growing edge of a 7 day old fungal culture and was placed in 
the centre of a Petri dish. The plates were incubated at 20^0 and the 
diameter of the culture was measured every 24 hours, until the colony's 
growth was being limited by the size of the Petri dish.
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Six replicates were performed at every carbon and nitrogen 
concentration.
9.1.2.Calculation of results
The substrate affinity constants were determined as follows :
1) The colony diameters were averaged for each time point (Table 9.1).
0 48 72 96
rime (h' 
120 144 168 216 264
7 15 19 22 29 40 49 62 74
7 15 19 23 31 38 47 60 76
7 16 20.5 27 35 41 50 66 79
7 17 21 27 36 43 52 66 78
7 16 24 30 35 47 54 69 80
7 16 21 27 36 45 51 65 78
Av. 7 15.83 20.75 26 33.67 42.33 50.5 64.67 77.5
S.D. 0 0.75 1.83 2.97 2.94 3.32 2.42 3.20 2T6
Table 9.1.Colony diameters for P.capsici on agar containing 0.18gl“l 
glucose. Where Av. is the average diameter and S.D. is the standard 
deviation.
2) A graph of diameter against time was constructed and the equation of 
the best fit line was determined. For the above data the equation of the 
line was :
y = 2.5053 + 0.27988x R=0.989 
Where R is the correlation coefficient.
3) The gradients of the lines and their respective substrate concentrations 
were then used to determine the substrate affinity constants, using a curve
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fitting package. A typical graph produced by the curve fitting package can 
be seen in Figure 9.1.
0.3
0
g lu c o n  (g/1)0 0.2
Figure 9.1.Typical output fi-om the curve fitting package utihsed in the 
determination of the substrate affinity constants
9.1.3.Glucose and nitrate substrate affinity constants for 
Phytophthora capsici 
Substrate affinity constant for glucose.
The values for pw and the glucose concentrations under which they 
were achieved are given in Table 9.2
Glucose (gl-i) pw R for pw
0.18 0.27988 0.989
0.099 0.26618 0.991
0.0099 0.18992 0.993
0.0018 0.12729 0.998
Table 9.2.Glucose concentrations and pw values used in determination of 
the substrate affinity constant of Phytophthora capsici for glucose.
The above values were then used to derive the growth parameters 
Kg and pw^ax fi"om the Monod equation (Table 9.3).
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M-^ max 0.271h-i ± 0.017
Ks 15pM ± 5
Table 9,3.pWniax and Kg for P.capsici grown with glucose as the growth 
limiting substrate.
Substrate affinity constant for nitrate.
The values for pw and the glucose concentrations under which they 
were achieved are given in Table 9.4.
nitrate (gl-i) pw R for pw
0.238 0.27988 0.989
0.1309 0.26618 0.991
0.01309 0.18992 0.993
0.00238 0.12729 0.998
Table 9.4.Nitrate concentrations and pw values used in determination of 
the substrate affinity constant of Phytophthora capsici for nitrate.
The above values were then used to derive the growth parameters 
Kg and pw^ax from the Monod equation (Table 9.5).
M'^ max 0.313h-i± 0.015
Ks 22pM ±8
Table 9.5.pWj^^ and Kg for P.capsici grown with nitrate as the growth 
limiting substrate
9.1.4.GIucose and nitrate substrate affinity constants for Fusarium 
oxysporum
Substrate affinity constants for glucose and nitrate.
At all of the glucose and nitrate concentrations tested the diameter 
of the colonies remained constant. Thus for all of the concentrations
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examined the values of pw that were calculated were identical. Thus the 
substrate affinity constants for glucose and nitrate are lower than :
Glucose : Kg < lOpM
Nitrate : Kg < 38pM
Therefore, for the accurate determination of the Kg values of glucose 
and nitrate for Fusarium oxysporum lower concentrations of glucose and 
nitrate would have been required. However the substrate affinity 
constants for JSl had already been determined and had been shown to be 
considerably higher than the glucose and nitrate concentrations being used 
in the saturation coefficeint determinations for F. oxysporum. Thus the 
accurate determination of the substrate affinity constants for F. oxysporum 
was not necessary.
9.2.Comparison of substrate affinity constants between JSl and the 
target pathogens
The substrate affinity constants obtained from the target pathogens 
and JSl for glucose and nitrate (Table 9.6) showed that both of the fungi 
have lower substrate affinity constants, and therefore higher affinities, for 
glucose and nitrate than JS l.
Organism substrate affinity constants on
Glucose Nitrate
JSl 2,900pM 2,350pM
P. capsici 15pM 22pM
F.oxysporum <10pM <38pM
Table 9.6. substrate affinity constants of JSl, P.capsici and F.oxysporum 
for glucose and nitrate.
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The substrate affinity constants for glucose and nitrate are 
approximately 200-300 times lower for the target pathogens than for JSl. 
This indicated that both of the fungi could compete more effectively than 
JSl for these nutrients in an environment where the concentrations of 
glucose and nitrate are low. The substrate affinity constant values 
obtained for glucose for the two fungi are comparable to the values 
obtained for other fungi, determined using radial growth. Pirt (1973) 
reported Kg values of 27pM and 24pM for Aspergillus nidulans and 
Mucor hiemalis, respectively and Fiddy and Trinci (1975) reported a Kg 
value of 7pM for Neurospora crassa, the substrate affinity constants in 
the above cases were determined by measuring the radial growth rates of 
the organisms.
The Kg values obtained for the organisms studied suggested that JSl 
does not compete effectively with the target pathogens for the glucose and 
nitrate available in the rhizosphere. The difference in substrate affinity 
constants also indicated that as the fungi compete more effectively than 
JSl for nutrients it should be difficult for JSl to become established in a 
rhizosphere that contains either of the two fungi. However, as has been 
demonstrated in greenhouse trials a biocontrol effect was observed in 
rockwool plugs that had been colonised with the pathogen, P. capsici, 24 
hours before the addition of the challenge organism. Therefore JSl has to 
be able to either compete with the fungi or obtain a different nutrient 
supply.
As has been discussed in previous sections JSl produces niphimycin 
in a growth associated manner and before significant growth has taken 
place. The antibiotic is a potent antifungal agent and has been 
demonstrated to have a fungicidal effect at low concentrations, niphimycin 
is active against Histoplasma capsulatum at a concentration of O.lpg/ml
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Johnson and Dietz (1972). If niphimycin was released in the rhizosphere, 
prior to significant growth, then any susceptible fimgi would be rendered 
either static or dead. This would allow JSl to utilise the nutrients 
available in the rhizosphere with less competition and, if the fimgi had 
been killed, a new source of nutrients would also have been created. The 
resultant reduction of the competition would then allow JSl to grow 
rapidly to utilise all of the available nutrients and to colonise the plant 
roots.
The production of niphimycin prior to significant growth is also a 
potential advantage in the rhizosphere.
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10.STUDIES WITH A NON­
PRODUCING STRAIN OF JSl
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As has been discussed in previous sections the isolated organism 
JSl and the model strain S. hygroscopicus var enhygms, NRRL3664 
demonstrated biocontrol activity in the tomato rhizosphere in vitro and in 
vivo. In these assays it was not possible to determine the mode of the 
biocontrol activity, i.e. to determine whether the biocontrol agents 
compete for nutrients or space or exert the observed effect due to the 
production of niphimycin. Streptomycetes have been implicated in the 
control of several bacterial and fungal diseases. In most of the cases 
examined the cause of the biocontrol effect was not investigated. The 
control of charcoal rot of sunflower and mung beans by Streptomyces 
species (Hussain et a i, 1990) and the biocontrol of several soil-borne 
plant pathogens of tomato, eggplant, cotton by S. ochraceiscleroticus 
(Turhan, 1981) have been reported but the nature of the observed control 
effect has not been investigated. In other reported examples of 
Streptomyces species antagonism, more than one possible method of 
biocontrol has been suggested, for example the antagonism of S. 
griseoloalbus to the root pathogens Phenllinus weirii, Fomes annosus and 
Phytophthora cinnamomi (Rose et a l, 1980). In this case both nutrient 
competition and antibiosis were suggested as the cause of the observed 
biocontrol effect.
The role of antibiosis in the control of pathogens by Streptomyces 
has been examined. A non-producing mutant of S. griseus has been used 
to demonstrate that the antagonism of S. griseus to Bacillus subtilis was 
not due to the production of erythromycin (Siminoff and Gottlieb, 1951). 
However Reddi and Rao (1971) demonstrated that they achieved the same 
level of control, against damping off in tomatoes, using either an 
antagonistic Streptomyces species culture or culture filtrate.
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In the previous section the substrate affinity constants of the two 
pathogens were compared to those of JSl for both glucose and nitrate. 
The values obtained indicated that JSl could not compete effectively 
against the pathogens for those nutrients. To determine whether the major 
component of the observed biocontrol effect was due to antibiosis a non­
producing mutant of JSl was required.
lO.l.Mutation of JSl
The isolation of non-producing streptomycete species mutants has 
been achieved in several ways. Siminoff and Gottlieb (1951) used X-rays 
to obtain an S. griseus mutant that could not produce erythromycin, Roth 
and Noack (1982) used chemostat culture to obtain a non-producing 
mutant of S, hygroscopicus and Kahler and Noack (1974) obtained a non­
producing mutant of S. hygroscopicus using acridine orange. However the 
mutant obtained by mutation with acridine orange was not stable and after 
one passage had reverted to a producing strain. The mutants obtained in 
chemostat culture were stable and did not revert. However, the production 
of mutants by chemostat culture is a time consuming process. Noack 
(1986) reported that for the altered phenotype to be displayed by 99.9% of 
the bioreactors population 100 doubling times would be required. This 
would take : .
100 = t * p 
Ln2
Where 100 is the number of doubling times, t is the time (h) and p is the 
growth rate of the culture. Using the fastest growth rate we have observed 
with JSl, 0.062h“l the time required for 100 generations would be :
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100 * Ln2 = t = 1117.98 hours or 46.5 days 
0.062
Thus it was decided to use random mutation using ultra-violet light with a 
wavelength of 254nm.
10.1.1.Mutation methodology and screening
A spore suspension of JSl was obtained by washing a 7 day old NE 
agar plate of JSl with 0.1% Tween. The spore suspension was stored at 
40c  and all of the mutations were performed using the same spore 
suspension. A viability curve was constructed to determine the time at 
which 95-99% of the spores would not germinate. Using a spore 
suspension of JSl and ultra-violet light at wavelength 254nm an exposure 
time of 30 seconds gave a 98.9% reduction in viability.
To obtain a non-producing mutant the spores, after exposure to 
ultra-violet light, were plated out onto glucose-yeast agar and were 
incubated at 30°C for 4 days. The spore suspension was diluted to give 
between 30 and 50 colonies a plate. After 4 days the colonies were replica 
plated onto fi'esh glucose-yeast agar and incubated for 4 days at 30^0. 
After 4 days the plates were overlaid with a layer of agar containing F. 
oxysporum conidia and were then reincubated to allow the development of 
any zones of inhibition. Non-producers were identified by the growth of 
F. oxysporum over the JSl colony.
10.1.Comparison of JSl and JS2 physiology
The non-producing mutant, JS2, was obtained to examine the 
contribution that the antibiotic, niphimycin, made to the observed 
biocontrol effect in the tomato rhizosphere. To evaluate the contribution 
made by the antibiotic the mutant JS2 needed to be as nutritionally and
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physiologically similar to the wild-type as possible, so that the only 
difference observed between the biocontrol effect of the wild-type and the 
mutant was caused by the presence or absence of niphimycin. In order to 
assess the nutrition and physiology of the mutant, a series of tests were 
performed, which included both flask and batch culture to examine the 
physiology of the mutant and a Plackett-Burman experiment to examine 
the amino acid requirements of the mutant.
10.2.1.Shake flask experiments
Both JSl and the mutant (JS2) were grown in 250ml Erlenmeyer 
flasks containing 30ml of Glucose Yeast Broth. The flasks were incubated 
for 4 days at 30^0 after which the biomass and niphimycin concentrations 
were measured. Four flasks were assayed for each organism.
There was very little difference in the biomass concentrations of JSl 
and JS2 in Glucose Yeast Brotli (Table 10.1).
Organism Biomass (gl'l) Niphimycin mgl"l
JSl 1.73 ±0.12 8.05 ±1.01
JS2 1.65 ±0.08
Table 10.1.Biomass and niphimycin production by JSl and JS2 in flask 
culture on Glucose Yeast Broth.
However, when the culture supernatant was tested for the presence 
of niphimycin there was no production detected in any of the JS2 cultures, 
although niphimycin was detected in all of the JSl cultures (Table 10.1). 
The lack of niphimycin production by JS2 indicated that JS2 was a non­
producing mutant.
144
10.2.2.Plackett-Burmaii analysis of JS2’s amino acid requirements
A Plackett-Burman analysis was performed under the same 
conditions and using the same experimental design as described 
previously. The analysis was performed to determine whether the amino 
acid requirements of the mutant were significantly different to those of the 
wildtype, JSl.
The Plackett-Burman analysis (Table 10.2) showed that none of the 
amino acids tested had a significantly stimulatory effect upon the growth 
of JS2. This compared to the stimulatory effect that proline and isoleucine 
had displayed on the growth of JSl (Table 10.2).
JS2 JSl
Amino Acid % Significance Amino Acid % Significance
Threonine 50-80 Proline 80-90
Proline 50-80 Isoleucine 80-90
Isoleucine 50-80 Threonine 50-80
Leucine 50-80 Leucine 50-80
Aspartic Acid 50-80 Glutamic Acid 50-80
Glutamic Acid 50-80 Methionine 50-80
Methionine 20-50 Arginine 50-80
Phenylalanine 20-50 Histidine 50-80
Valine 20-50 Valine 50-80
Serine 20-50 Aspartic Acid 50-80
Citrulline 20-50 Serine 20-50
Alanine 20-50 Phenylalanine 20-50
Tyrosine 20-50 Tyrosine 20-50
Arginine 0-20 Tryptophan 20-50
Tryptophan 0-20 Lysine 20-50
Histidine 0-20 Ornithine 20-50
Lysine 0-20 Citrulline 20-50
Ornithine -20-0 Alanine 0-20
Cystine -20-0 Cystine -20-0
Asparagine -50-(-20) Asparagine -80-(-50)
Table 10.2.Shows the significance levels of 20 amino 
the Plackett-Burman analysis, on the growth of JS2 and
acids, tested using 
JSl.
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However, the amino acids that had the highest t-test values for both JSl 
and JS2 were similar and also the amino acid with the lowest t-test value 
for both JSl and JS2 was the same, asparagine. It seems unlikely from the 
results that the amino acid requirements of the mutant, JS2, vary 
significantly from that of the wildtype, JSl. In order to determine whether 
there was a slight difference in the amino acid requirements of the two 
organisms further work would be required and possibly a fuU factorial 
method would have to be employed to investigate all the possible amino 
acid combinations.
10.2.3.Protein synthesis rate profiles in nutrient limited cultures
From previous work performed with JSl and S. erythraea we have 
seen that there was no antibiotic production until the rate of protein 
synthesis had begun to decline. The protein synthesis profiles of the 
mutant JS2 in varying nutrient conditions were determined and compared 
them to those that had been obtained for JSl.
Carbon limited culture
The biomass profile of JS2 in carbon limited culture included a lag 
phase followed by a period of rapid growth. The rapid growth phase 
began after 40. hours and continued until the biomass concentration began 
to decline after 72 hours (Figure 10.1).
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Figure 10.1. Time courses of biomass (■), niphimycin ( • )  and protein 
synthesis (0) during (a) JS2 and (b) JSl carbon limited cultures.
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There was no detectable production of niphimycin throughout the 
culture. The protein synthesis profile showed that the level of protein 
synthesis rose through the lag phase of the organism and reached a 
maximum after 48 hours, after which the protein synthesis rate declined 
throughout the rest of the growth phase. The profile of the protein 
synthesis rate of JS2 in carbon limited batch culture was similar to that of 
JSl (Figure 10.1). The protein synthesis rate of JSl also increased during 
the lag phase and reached its maximum level early in the growth phase of 
the organism. The level of protein synthesis then declined throughout the 
remainder of the growth phase. Niphimycin was detected, in the culture, 
after 69 hours. This was the point at which the protein synthesis rate had 
begun to decline.
The similarity of the profiles showed, under carbon limitation, that 
the protein synthesis rate profile had not been affected and thus the 
mutation was probably in a biosynthetic pathway.
Nitrogen limited culture.
The growth of JS2 in nitrogen limited batch culture included a lag 
phase bring followed by a period of rapid growth and stationary phase 
(Figure 10.2). .The rapid growth phase began after 72 hours and continued 
until the onset of the stationary phase after 112 hours. There was no 
production of niphimycin detected throughout the entire culture. The 
protein synthesis profile showed that the protein synthesis rate increased 
during the lag phase of the organism and peaked after 88 hours. The 
maximum protein synthesis rate was achieved early in the rapid growth 
phase of the organism. The protein synthesis rate declined throughout the 
rest of the growth phase.
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Figure 10.2. Time courses of biomass (■), niphimycin (• )  and protein 
synthesis (o) during (a) JS2 and (b) JSl nitrogen limited cultures.
The protein synthesis profile for JSl, in nitrogen limited batch 
culture (Figure 10.2), was similar to that obtained for JS2. The protein 
synthesis rate increased during the lag phase of the culture and the 
maximum value was achieved shortly after the onset of the rapid growth 
phase. The protein synthesis rate declined throughout the remainder of the 
rapid growth phase. The onset of niphimycin production occurred after 80 
hours and after the protein synthesis rate of the culture had begun to 
decline.
The similarity in the protein synthesis profiles for JSl and the 
mutant JS2 showed that the mutation had not deregulated protein 
synthesis, as the downshift in the protein synthesis rate occurred at the 
same culture point, early in the rapid growth phase of the organisms. Thus 
it is likely that the mutation had occurred in the antibiotic biosynthetic 
pathway rather than abolishing production due to an alteration in the 
control mechanism.
Glutamate limited culture
The growth of JS2 in glutamate limited batch culture included a lag 
phase being followed by a period of rapid growth. The rapid growth phase 
began after 24 hours and continued until the level of biomass, within the 
culture, began to decline after 64 hours (Figure 10.3). There was no 
niphimycin detected at any point within the culture. The protein synthesis
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rate increased during the lag phase and the maximum protein synthesis rate 
was achieved after 40 hours. The protein synthesis rate declined 
throughout the rest of the growth phase. The maximum protein synthesis 
rate was achieved early in the rapid growth phase of the organism.
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Figure 10.3. Time courses of biomass (■), niphimycin (• )  and protein 
synthesis (o) during (a) JS2 and (b) JSl glutamate limited cultures.
The protein synthesis rate profile obtained from JSl (Figure 10.3) is 
very similar to that of JS2. The protein synthesis rate, for JS l, increased 
during the lag phase and the maximum protein synthesis rate was achieved 
after 42 hours. This was early in the rapid growth phase of the organism. 
The onset of niphimycin production occurred 42 hours into the culture of 
JSl.
10.2.3.l.Summary of the protein synthesis rates of JSl and JS2
The protein synthesis rate profiles obtained for the two organisms 
were very similar with similar profiles being exhibited regardless of the 
nutrient limitation that the organisms were placed under. In all of the 
nutrient limitations the protein synthesis rates, for both JSl and JS2, 
peaked in early exponential phase and then declined for the remainder of 
the organisms growth phase. In the case of JSl the downshift in protein 
synthesis rate was accompanied by the initiation of antibiotic synthesis. 
However in JS2 there was no production of niphimycin detected within 
any of the cultures.
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The similarity in the protein synthesis rates between JSl and JS2 
were again consistent with the assumption that there was no deregulation 
in the antibiotic production caused by the mutation. This implied that the 
mechanism for antibiotic induction by protein synthesis rate downshift had 
not been affected and that the mutation, in the non-producing mutant JS2, 
had affected the biosynthetic pathway for the antibiotic, niphimycin.
10.2.4.SeedIing plate assays
Seedling plate assays were performed with JS2 to assess the ability 
of the mutant to protect the tomato seedling in vitro. Similar results were 
obtained with the mutant JS2 as with the wild type JSl. In the Solufeed 
only agar the seedling was protected by the presence of JS2 and there was 
no evidence of P. caps id  growth on the plates. However, when the 
Solufeed agar was supplemented with glutamate the seedling became 
diseased with necrotic lesions on the roots and stem. When the plates 
were examined microscopically there was no evidence of Phytophthora 
capsici growth on the plates. This indicated that JS2 could act as an 
opportunistic pathogen. The results obtained were identical to those 
obtained for JSl (Table 10.3).
Condition of Seed ings in Treatments
Treatment With P. capsici Without P. capsici
Sol Sol & GLU Sol Sol & GLU
Control Diseased Diseased Healthy Healthy
JSl Healthy Diseased Healthy Diseased
JS2 Healthy Diseased Healthy Diseased
Table 10.3.Summary of seedling plate assays with JSl ancUS2. Where
Sol are unamended Solufeed plates and Sol & GLU are glutamate 
amended Solufeed plates
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The results from the seedling assay showed that JS2 could protect 
the seedling in vitro. This assay though does not give a measure of how 
well the seedlings are protected as the assay is more qualitative than 
quantitative. Also the assay does not give any indication of whether the 
isolates can spread along the roots as they grow. To fully compare the 
control effect of JS2 with the wildtype JSl an in vivo assay was 
performed.
10.3.Greenhouse trial with JSl and JS2
The greenhouse trial was performed using the Shell primary screen, 
detailed in the Materials and Methods. The trial was carried out in 
unamended Solufeed. The results showed that neither JSl or JS2 had a 
detrimental effect on the growth of the tomato seedlings (Table 10.4).
Treatment Healthy Plants
Control 19
JSl 19
JS2 19
P. capsici 6
JSl mà.P.capsici 18
JS2 dciïà P. capsici 11
Table 10.4.Number of healthy plants in greenhouse trial of JSl and JS2 in 
unamended Solufeed
The results also showed that when challenged with the pathogen 
Phytophthora capsici more seedlings treated with JSl survived than those 
treated with JS2. However, treatment with JS2 did confer some level of 
protection to seedlings when they were challenged witli the pathogen. 
This demonstrated that the mutant cannot control the pathogen, 
Phytophthora capsici to the same extent as JS l, but that there is still some 
level of biocontrol activity. The reduction in biocontrol activity between
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the wildtype and the mutant indicated that the antibiotic, niphimycin, was 
involved in the biocontrol activity of the organism. However the retention 
of some biocontrol activity could indicate that the production of an 
antifungal antibiotic was not the only method by which JSl controls the 
pathogen.
It was also possible that JS2 does produce niphimycin, but at 
concentrations which were undetectable in the niphimycin bioassay. 
Niphimycin has been demonstrated to be active against some fimgi at 
concentrations as low as O.lmg ml~l (Johnson and Dietz, 1972). At low 
niphimycin concentrations it may have been possible that there was a 
sufficient concentration in the microhabitats, surrounding the JS2 colonies, 
for a biocontrol effect to have been observed.
10.4.Summary
The physiology of JSl and JS2 are very similar and fi*om the tests 
carried out in flask and batch culture there was no indication of any 
significant differences between the two strains. However in the glasshouse 
trial the levels of control exerted over the pathogen, by the two strains, 
were dissimilar. The niphimycin producer, JSl, exerted a much higher 
control level than the non-producer, JS2. This loss of control has shown 
that the production of niphimycin was a vital component in the biocontrol 
activity demonstrated by JSl. However, JS2 did display some control 
over the pathogen. One reason maybe that JS2 was a low level producer 
of niphimycin. Another reason may be that JS2 can still inhibit the 
pathogen by physically preventing the pathogen fi-om attacking the plant 
roots. The greenhouse trial performed indicated a potential biocontrol 
strategy that could be employed by JS l.
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The working hypothesis suggested by these results is that antibiotic 
production has a role in the biocontrol effect.Niphimycin presumably aids 
in the colonisation of the plant roots by killing or inhibiting the pathogen 
whilst JSl grows rapidly to utilise the available nutrients and colonise the 
plant roots with reduced levels of competition. Once established on the 
plant roots the physical presence of the rhizosphere culture of JSl could 
prevent pathogen colonisation by occupation of potential microbial 
attachment sites on the surface of the root. The ability of JS2 to protect 
the seedlings after root colonisation requires further investigation. One 
method of evaluation would be to germinate the seedlings in the presence 
of JSl and JS2. After germination the seedlings would then be challenged 
by the pathogen Phytophthora capsici. If comparable levels of biocontrol 
activity were displayed by both JSl and JS2 then it could be assumed that 
the production of niphimycin is not the predominant factor causing the 
observed biocontrol effect after root colonisation had occurred.
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ll.Conclusions
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JSl was isolated from an industrially based biocontrol screen, 
designed to screen for organisms with biocontrol potential against the 
tomato root rot pathogen, Phytophthora capsici. In this study the basic 
controlling physiology and the kinetics of antibiotic production have been 
examined and compared to Streptomyces hygroscopicus strains and a 
laboratory model strain S. erythraea. This study has also examined the 
modes of biocontrol activity that JSl exerts over the pathogen in both 
laboratory and glasshouse assays. Work has also been performed on the 
nutrition of both the pathogen and the biocontrol agent. This study was 
performed to determine whether there was an amino acid supplement 
which would stimulate the growth and antibiotic production of the 
biocontrol organisms, whilst having an inhibitory or non-stimulatory effect 
upon the pathogens.
The results have shown that supplementation of the rockwool 
rhizosphere, with glutamate, leads to the overgrowth of the seedling roots 
by the biocontrol agent. This implies that the biocontrol agent, itself, 
could act as an opportunistic pathogen of tomatoes. JSl was obtained 
from a random glasshouse screen, there may be better starting points in the 
search for biocontrol agents. One such starting point could be a detailed 
analysis of the pathogens nutritional requirements. The addition of a 
carbon source, to the rhizosphere, which was non-utilisable by the 
pathogen may encourage the growth of a biocontrol agent that could utilise 
that carbon source and lead to better levels of disease suppression. The 
enhancement of biocontrol activity has been demonstrated using the 
glucose analogue 2-deoxy-D-glucose (Janisiewicz, 1994). 2-deoxy-D- 
glucose inhibits the growth of Pénicillium expansum which is the causal 
agent of the postharvest disease of apples and pears, blue mould. Strains 
of Pseudomonas syringae and Sporobolomyces roseus, which are
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antagonists of the pathogen, were obtained which can utilise 2-deoxy-D- 
glucose. The use of these tolerant strains in conjunction with the analogue 
lead to reduced concentrations of antagonists being required to exert a 
control effect over Pénicillium expansum.
The use of specialise nutrients may be applicable in hydroponic 
systems where the numbers of micro-organisms within the rhizosphere are 
greatly reduced in comparison to the soil rhizosphere. Thus if a biocontrol 
agent capable of utilising a ’specialised' nutrient source, added to the plant 
feed, was added when the seeds were sown, possibly applied as a seed 
coating, then that organism may become established as the dominant 
organism within the rhizosphere. This could prevent the establishment and 
growth of other micro-organisms and prevent pathogenic attack of the 
seedlings. However, as has been observed in this study the addition of a 
carbon source to the rhizosphere can result in seedling mortality due to the 
enhance growth levels of the biocontrol organism. Therefore, the use of 
nutrients to stimulate the growth of biocontrol agents in the rhizosphere 
must be carefully examined to determine whether those organisms can act 
as opportunistic pathogens. Thus the search for biocontrol agents may be 
better initiated after a nutritional evaluation of the target pathogen and for 
screens to be designed to search for microbes that can exploit any 
nutritional weakness of the pathogen.
The use of a non-producing mutant has demonstrated that JSl 
retamed some level of biocontrol activity without the production of the 
biologically active compound niphimycin. This has demonstrated that JSl 
utilises more than one mode of biological control activity, the three main 
modes of biocontrol activity have been discussed in the Introduction. 
From the determination of the saturation coefficients for both glucose and 
nitrate for JSl (Section 5) and the pathogen (Section 9) it could be seen
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that the pathogen was a better scavenger for the two nutrients than JSl. 
This implied that JSl did not exert a biocontrol effect on the pathogen by 
nutrient competition. This left antibiosis and niche exclusion as the two 
main modes of biocontrol activity available to JSl. From seedling plate 
assays performed with culture supernatants containing lOmg/1 niphimycin 
it had been demonstrated that the antibiotic alone was not sufficient to 
explain the observed levels of biocontrol activity. However the seedling 
plate assay is performed on an agar base and this allows diffusion of the 
active compound throughout the culture medium. This may have caused 
the effective concentration of niphimycin to drop to a concentration which 
had neither a fungicidal or fungistatic effect upon the pathogen, 
Phytophthora capsici.
To further examine the role of niphimycin in the biocontrol of 
Phytophthora capsici a non-producing mutant, JS2, was produced by 
random ultra-violet light bombardment of JSl spores. The resulting 
mutant, JS2, did not produce a niphimycin concentration that was 
detectable in the laboratory assay, which had a detection limit of 2mg/l. 
The mutant JS2 was capable of protecting the seedlings fi*om pathogenic 
attack in the seedling plate assay. However when tested in the in vivo 
glasshouse assay the level of biocontrol exerted by JS2 fell to 50% of the 
control level çxerted by JSl. These results implied that the wild type 
strain, JS1» used both antibiosis and niche exclusion in its biocontrol 
activity against Phytophthora capsici.
However the mutant JS2 may produce niphimycin, though at a 
concentration which is undetectable in the laboratory based seedling assay. 
The concentration produced by JS2 may be high enough in the micro­
habitats around the plant roots to have an inhibitory effect on the pathogen. 
It would, therefore, be ideal to produce a mutant which was incapable of
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producing the active compound, mphimycin, or any of its associated 
endomycin complex compounds. To obtain this mutant it would be 
necessary to locate the genes or gene cluster responsible for the production 
of the endomycin complex and to remove them from the bacterial genome. 
This would ensure that the resulting mutant could not produce any of the 
compounds found in the endomycin complex produced by JSl and thus 
any resulting biocontrol avtivity displayed by the mutant would be due to 
another form of biocontrol, probably niche exclusion.
The two mechanisms of biocontrol activity used by JSl are probably 
combined to give a better overall level of control than either of the 
mechanisms could achieve alone. The continual production of niphimycin 
would be energetically expensive and would divert much needed nutrients 
into the production of secondary metabolites rather than growth of the 
organism. This suggested that a combined strategy of antibiosis and niche 
exclusion would give better overall control. If niphimycin was produced 
as a growth associated or growth pre-emptive product, this would allow 
the antibiotic to diffuse ahead of the leading edge of the colony. This 
would allow the antibiotic to inhibit other micro-organisms within the 
rhizosphere and reduce the level of competition within those micro­
habitats affected. The reduced levels of competition would allow JSl to 
grow into new areas more easily and to colonise new niches, for example 
plant roots, with less competition. Once JSl had established itself on the 
plant roots the production of niphimycin may no longer be required and 
could be switched off. JSl could then protect the plant roots by physically 
blocking the pathogens from reaching infection sites on the plant roots and 
prevent plant disease with a passive rather than an active biocontrol 
strategy.
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For this type of combined biocontrol strategy to fimction niphimycin 
would have to be produced as a growth associated or growth pre-emptive 
product. This is not the classical production pattern for a classical 
secondary metabolite. Bu'Lock et ai, (1965) defined a secondary 
metabolite, or idiolite, as being produced in a distinct production phase, or 
idiophase, that proceeded the growth phase, or trophophase, of the 
organism. This pattern of growth and production would not fit into the 
combined anitbiosis/niche exclusion biocontrol model proposed above. 
However, as has been discussed in previous sections the production 
kinetics of an organism can be affected by many factors including the pH 
of the culture medium and the nutrient limitation that the organism 
experiences. For example Streptomyces erythraea produces erthromycm 
with non-growth associated kinetics in carbon limited media but with 
growth associated kinetics in nitrogen limited meida (McDermott et al,
The results from the batch cultures performed with JSl and 
NRRL3664 demonstrated that niphimycin was produced with growth pre­
emptive production kinetics, the peak specific production rate preceded 
the peak specific grovdh rate. This was found to be true, for JS l, under 
carbon, nitrogen and glutamate limitations. These results were consistent 
with the hypothesis that niphimycin was produced as the organism was 
growing to reduce the levels of competition that JSl encountered in the 
rhizosphere. However the production of niphimycin with growth 
associated production kinetics under both carbon and nitrogen limited 
conditions, by JSl, did not fit with the model that had been developed to 
explain the difference in production kinetics displayed by S. erythraea 
under carbon and nitrogen limited conditions (Section 5.3). To examine 
the different production kinetics of the two organisms, under carbon and
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nitrogen limitation, the saturation coefficients of the organisms were 
determined for both the carbon source, glucose, and the nitrogen source, 
nitrate. The saturation coefficient for an organism gives an indication of 
the ability, of that organism, to scavenge for a nutrient in the environment. 
If an organism has a low saturation coefficient, or high substrate affinity, 
for the growth limiting substrate then the nutrient only becomes limiting 
when its concentration within the environment fallen considerably. This 
means that the organisms metabolism can function maximally for long 
periods of time, until the concentration of the growth limiting substrate has 
fallen below the saturation coefficient. Thus the protein synthesis rate of 
the organism will not downshift until late in the growth cycle and the 
initiation of antibiotic synthesis will not occur until towards the end of the 
growth phase, giving rise to non-growth associated production kinetics. 
The reverse is true if the organism has a high saturation coefficient, or low 
substrate affinity, for the growth limiting substrate. In this case only a 
slight decrease in the substrate concentration is required for the cells 
metabolism to be affected. This causes the protein synthesis rate to 
downshift and the initiation of antibiotic synthesis to occur very early in 
the growth phase of the organism, giving rise to grow# associated 
production kinetics.
The saturation coefficients determined supported the hypothesis that 
the organisms substrate affinity could give an indication of the production 
kinetics that an organism would display under that nutrient limitation. The 
saturation coefficients obtained for nitrate for both JSl and S. erythraea 
and the saturation coefficient of JSl for glucose were similar and under 
these nutrient limitations the production kinetics were all growth 
associated. However the saturation coefficient of S. erythraea for glucose 
was, approximately, 500 times lower, demonstrating that S. erythraea had
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a much higher substrate affinity for glucose that JSl, and under glucose 
limitation S. erythraea produces with non-growth associated production 
kinetics.
The production of a secondary metabolite or the functioning of a 
secondary metabolic pathway alongside primary metabolism has been 
observed with other biocontrol agents. The potential biocontrol agent 
Idriella bolleyi, which is an antagonist of the take-all pathogen 
(Gaeumannomyces graminis var tritici\ has been demonstrated to 
produce spores in liquid culture (Jadabansa et al., 1993). The formation of 
spores is considered to be a secondary metabohc process. It has been 
observed that the production of spores, by Idriella bolleyi, in liquid culture 
occurred in the exponential growth phase of the organism. It may be that 
the production of spores at this stage in the Hfe cycle increases survival 
chances and helps to disperse the organism over a wider area faster than 
expansion due to hyphal growth. Thus the parallel production of primary 
and secondary metabolites may confer distinct survival advantages and 
that the ability to operate both metabolic systems simultaneously may be 
required for an organism to be a potential biocontrol agent in the 
rhizosphere.
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APPENDIX 1.
Chemostat culture of NRRL3664
Chemostat culture was used to investigate the relationship between 
the growth rate and the niphimycin production rate. As has been seen 
previously (Chapter 5.4.) the growth rate is inversely linked to the 
production rate i.e. the higher the growth rate the lower the production 
rate. This phenomenon has been observed in other Streptomycetes by 
Wong & Griffin (1974). The use of chemostat culture allowed the growth 
rate of the organism to be fixed, at a range of growth rates, and the culture 
parameters to be measured. Chemostat culture was performed in Solufeed 
media supplemented with 14gl”l sodium glutamate.
The biomass concentrations of NRRL3664 ranged between 5gl"l at 
high dilution rates to 6gl’l at low dilution rates (Table A l.l). There was 
no production of niphimycin detected in any of the 4 steady states that 
were investigated.
Dilution Rate (h"l) Biomass (gl“^)
0.105 5.14
0.061 4.95
0.041 4.95
0.025 6.08
Table Al.l.Biomass concentrations ofNRRL3664 at varying dilution rates
The analysis of the media components showed that glutamate was 
the sole supply of both carbon and nitrogen to NRRL3664. The nitrate 
concentration within the culture medium did not vary in any of the steady 
states, however the ammonia concentrations, found at each steady state.
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were between 14 and 35 times higher than in the fresh medium (Table 
A1.2).
Dilution Rate (h"l) Nitrate (gk^) Ammonia (gk^)
FRESH MEDIA 0.373 0.0173
0.105 0.377 0.245
0.061 0.379 0.36
0.041 0.368 0.425
0.025 0.364 0.604
Table A l.2.Comparison of the nitrate and ammonia concentrations, at 
varying dilution rates, with fresh medium
The increase in ammonia concentrations suggested that excess 
levels of nitrogen, in the form of ammonia, were created when glutamate 
was deaminated to provide the cell with carbon. This excess nitrogen was 
then excreted from the cell and back into the medium, elevating the 
ammonia content of the medium. The presence of excess nitrogen sources 
suggests that the growth of NRRL3664 in Soulfeed supplemented with 
14gl“l was a carbon limited environment.
The lack of niphimycin production indicated that some cellular event 
was occurring in batch culture that was not taking place in chemostat 
culture. As has been discussed in Section 4 a downshift in the protein 
synthesis rate was required for the initiation of antibiotic synthesis. Whilst 
the organism grew with a constant growth rate there was no downshift in 
the protein synthesis rate and hence no niphimycin production.
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APPENDIX 2.
Composition of Solufeed :
Component %w/w
Magnesium sulphate I.5H2O 20.7
Potassium nitrate 55.5
Potassium chloride 7.4
Potassium düiydrogen phosphate 14.8
Trace element chelate 1.6
Composition of the trace element chelate :
Element mg/Kg
Fe 880
Mn 528
Zn 416
Cu 160
B 240
Mo 3.2
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APPENDIX 3. 
Plackett-Burman Analysis Program
l o o m  A $ ( 2 4 ) , B t ( 2 4 , 2 4 ) , d a t a ( 2 4 ) , e f f e c t ( 2 4 ) , t ( 2 - 1 ) , l A D E L t ( 2 4 ) , f l A t l E I ( 2 4 )
12 INPUT'HEW OR EXISTING DATA (N OR E ) ' , N &
13 INPUT"NAME OF FILE ' ,N AM E *
14 IF H * = ' E '  THEN 16 
15FR0CINPUT
16 IF N t = * E '  FROCREAO 
17FR0CEDIT 
20FR0CHATRIX 
30PROC.EFFECTS 
40PR0CDUHI1Y 
50PR0CSIGNIFICANCE 
60FR0C0RDER 
800EHD
9930EFPROCI1ATRIX 
lOOOREH VDU2 
lOOlREil  B * ( 2 4 , 2 3 )
1 0 2 0  PRINT* L y s  A l a  Met F h e  Tyr  I l l s  A rg  O rn  T r y  H e  T h r  Asp V a l  S e r  C i t  C y s  L eu  P r o  G l u  Asn
I 0 3 0 F 0 R  D;=1 TO 23  
1040READ A * ( I% )
1050NEXT
10601%=!
1070FOR J%= I TO 2 3  
I 0 8 0 F 0 R  I%=! TO 23 
I 0 3 0 B * ( I 7 . , J 7 . ) = A t ( 1 7 . )
IlOONEXT
I 1 I 0 A K 2 4 ) = A * ( I )
1 I 2 0 F 0 R  I7.=I TO 23 
1 1 30  A $ ( l 7 . ) = A t ( H . f l )
I140NEXT
1I50NEXT
1160F0R 17.= I TO 23 
1I70READ B * ( I % , 2 4 )
IlOONEXT
1 I 9 0 F 0 R  J%= I TO 24 
1 2 0 0  PRINT J Z } "
I 2 1 0 F 0 R  I%=1 TO 24 
1220PRINT B * ( I 7 . , J 7 . 1 [ '
I230IIEXT
1240PRINT
1250NEXT
12B0DATA S S S - , - , S
1290DATA - r r r r , - r
1 2 9 9  PRINT
1300ENDPROC
2000DEFPROCINPUT
20 0 2 C L 0 S E 5 0
2006Y=0PEN0UT NAME*
20IOFORI7.= 1 TO 24 
2030PRIN T "PE SU LT  FOR TREATMENT " ; I Z ;
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2040INPUT datadZ)
2045PRINTRY,dala(IZ)
2050NEXT 
2 0 5 5 C L 0 S E S 0  
2060ENOPROC 
SOOODEFPROCEFFECTS 
3 0 0 5 F 0 R  JZ = 1  TO 23 
3 0 0 7  P L U S = 0 m iN U S = 0  
3010FOR ÎZ = I TO 24
3 0 2 0  IF  B $ ( I % , J % ) = " r  THEN PLUS=PLUS t  d a t a d Z )
3 0 3 0  IF B t d Z ^ J Z ) : ' - '  THEN t1INUS=HitlU3 d a t a d Z )
3 0 4 0  NEXT
3 0 4 5  e f f e c t ( J Z ) = ( P L U S / 1 2 ) - ' H I N U S / 1 2 )
3050NEXT
3060EHDPRQC:
4000DEFFR0CDUf1l1Y
4 0 1 0  V e f f = ( ( e f f e c t ( 2 2 ) ' 2 ) K e f f e c t ( 2 3 ) ‘ 2 ) + ( e f f e c t ( 2 4 ) ‘ 2 ) ) / 3  
4 0 2 0  PRINT'VARIANCE IN THIS EXPERIHENT = ' ; V e f f  
4 0 3 0  P R I N T d  0  IS  THE IDEAL RESULT)"
4 0 3 5 S E = S Q R ( V e f f )
4 0 4 0  PRINT"STANDARD ERROR = ’ ;S E
4 0 5 0 IF S E = 0 THEN S E = . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
4055ENDPR0C
5000DEFPR0CSIGHIFICANCE
5 0 I 0 F 0 R  r / . = l  TO 23
5 0 2 0 t d Z ) = e f f e c t d Z ) / S E
5030NEXT
5040ENDPR0C
6000DEFPR0CEDIT
6 0 01 C L 0 3E R 0
6 0 0 5 INPUT"DO YOU WISH TO E D I T " ,N $
6 0 0 6  PRINT
6 0 0 7  IF  N$="H* ENDFROC 
6 0 2 0 N = 2 4 ! l = 0
6030 IN P U T  • NAME OF F I L E  ",NAME$
6040Y=0PEN IN  NAME*
6080REPEAT 
6 0 9 0 1 = 1 d
6 I 0 0 I N P U T R Y , d a t a d )
6 1 I0 P R I N T  I "  VALUE " f d a t a d )
6I20IN PU T*CH A N GE",Q *
6 I 3 0 I F  O t = ' N ’ THEN 6 2 0 0  
6 I 4 0 P R I N T "T V P E  CHANGE X,Y"
6 1 5 0 INPUT d a t a d )
6200Ü N T IL  l=N 
62 40C L03E R 0 
6250Y=DPEN0UT NAME*
6 2 8 0  FOR 1=1 TO N 
6 2 9 0  P R I N T R Y , d a t a d )
63I0NEXT
63 20C L0S EA 0
6900EN 0PR 0C
7000DEFPR0CREAD
7001CL0S ER 0
7010Y=OFENIN NAME*
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7 0 l 5 1 = 0 i N = 2 4
7020REPEAT
7 0 3 0 l = U l
7040lNPUÎRY,data(l)
7050PRIH T r  VALUE ' ; d a t a ( ü
7 0 6 0 U H Î IL  I=H
707OCL03ER0
70B0EN0PR0C
7 5 0 0  OEFPRGCOROER
7 5 1 0  FOR X= 1 TO 23
7 5 2 0  READ NAf1E$(X)
7 5 3 0  NEXT X '
7 5 4 0  DATA L y s ,  A l a ,  N e t ,  Pl ie ,  T y r ,  H i s ,  A r g ,  O r n ,  T r y ,  I l e ,  T l i r ,  A sp ,  V a l ,  S e r ,  C i t ,  C y s ,  L e u ,  P r o ,  G l u ,  A s n ,  I 
8 0 0 1  PRINT 
8 0 0 5  nu(n7.=23
8010LQCAL t e m p , s v a p , c o u n t % , t e m p s *
8020REPEAT
8 0 3 0 s v a p = F A l S £
B040FQR c o u n t 7 . = l  TO n u a Z - l
8 0 5 0 I F  t ( c o u n t 7 . ) > = t ( c o u n t 7 . d )  THEN 8 1 0 0
8 0 6 0 t e n p = t ( c o u n t Z )
8 0 6 5 t e a p s * = N A H E *  ( c o u n t ? . )
8 0 7 0 t ( c o u n t % ) = t ( c o u n t % + l )
8 0 7 5 N A H E * ( c o u n t 7 . ) = N A H E * ( c o u n t 7 . d )
8 0 8 0 t ( c o u n t % 4 l ) = t e m p  
8 0 8 5 N A H E $ ( c o u n t 7 . d ) = t e o p s t  
8090 sw ap=TR UE 
8I00NEXT .
8 U 0 U N T I L  HOT sw ap  
8120FOR IX= I TO 23
8 1 3 0  PRINT NAM E*(I% );"  = ; L A B E L $ ( I % ) ; t ( I % )
8140NEXT
8150ENDPR0C
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